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ABSTRACT 


A  flight  investigation  of  the  influence  ox  lateral-directional  dy¬ 
namics  and  control  power  retirements  on  flying  qualities  for  STOL  aircraft  in 
terminal  area  operations  vas  conducted  using  the  X-22A  variable  stability  air¬ 
craft.  The  primary  dynamic  variables  of  the  experiment  were  roll  mode  time  con 
st ant,  Dutch  roll  undamped  natural  frequency.  roll-to-sideslip  ratio,  and  yaw 
&ie  to  aileron;  in  addition,  the  roll  control  power  available  was  varied  by 
electrically  limiting  the  lateral  stick  command  of  the  evaluation  pilot.  Three 
pilots  performed  102  evaluations  of  various  combinations  of  these  variables  at 
a  representative  STOL  approach  condition  cf  3r.  =  -7.5°,  V  =  65  kts.  During 
the  evaluations,  a  qualitative  separation  of  ambient  turbulence  level  was  made 
through  approximate  measurements  from  the  aircraft.  The  configuration  dynamics 
were  identified  and  verified  with  a  digital  identification  technique  developed 
for  the  X-22A,  and  data  analyses  include  statistical  measurements  of  pilot  work 
load  and  performance,  as  well  as  correlat5.on  of  pilot  rating  data  with  these 
measures,,  the  configuration  dynamics,  and  the  roll  control  power  available.  Th 
results  from  the  experiment  are  compared  with  applicable  requirements  of 
MIL-F-83300,  MIL-F-8785B,  and  Calspan's  proposed  revisions  to  the  Dutch  roll 
frequency  for  Level  1  flying  qualities  was  found  to  be  lower  than  required 
by  MIL-F-83300.  Roll  mode  time  constant  requirements  of  MIL-F-83300  and 
MIL-F-8785B  (Class  II~L)  were  larger  than  those  determined  for  Level  1  flying 
qualities.  The  roll  control  powers  that  were  determined  in  this  experiment 
were  less  than  those  required  by  the  specifications. 
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Section  I 
INTRODUCE (ON 


For  most  aircraft,  the  landing  approach  is  a  critical  phase  of  flight 
which  demands  accurate  positioning  of  the  aircraft  relative  to  the  runway  with  a 
limited  margin  for  error  The(  ieed  for  satisfactory  flying  qualities  and 
adequate  control  power  in  this  critical  flight  phase  is  clear.  Unfortunately, 
in  the  case  of  STOL  aircraft ,  the  combination  of  slow  approach  speeds  and 
relatively  high  inertias  generally  leads  to  a  deterioration  in  flying 
qualities  during  landing  approach.  In  particular,  the  demands  on  lateral 
control  power  may  be  considerable  at  the  very  time  when  the  control  effective¬ 
ness  of  the  aerodynamic  controls  is  reduced  due  to  the  low  approach  speeds. 

Most  STOL  aircraft  may  therefore  need  to  have  their  control  effectiveness 
augmented  in  some  manner,  which  can  result  in  unwanted  weight  or  power  penalties. 
Lateral  control  power  requirements,  though  exceedingly  important  as  a  design 
pevasseter,  are  unfortunately  very  poorly  defined.  Therefore  a  need  exists 
for  a  systematic  investigation  of  the  control  power  required  to  perform  the  slOL 
landing  approach  task. 

This  report  describes  the  results  of  an  in-flight  simulation  program, 
using  the  X-22A  variable  stability  aircraft,  whose  objectives  were  directed  at 
providing  lateral- directional  flying  qualities  and  control  power  data  for  STOL 
aircraft  in  the  landing  approach.  Specifically,  the  two  main  objectives  were: 

1.  To  determine  control  power  requirements,  particularly  those 

in  roll,  and  to  investigate  hour  these  requirements  change  with 
various  lateral-directional  parameters  for  STOL  aircraft 
in  the  landing  approach,  and 

2.  To  obtain  lateral -directional  flying  qualities  data  in  support 
of  the  appropriate  requirements  in  MIL-F-83300  (References  1 
and  2),  or  MIL-F-8785B(ASG)  (References  3  and  4),  for  STOL 
aircraft  in  terminal  area  operations  (Class  II  Aircraft  - 
Flight  Phase  Category  C) . 

fu  achieve  these  objectives,  an  experiment  was  designed  to  evaluate  the 
suitability  of  a  variety  of  lateral-directional  response  characteristics 
for  the  approach  flight  phase  using  a  representative  STOL  approach  velocity 
(65  knots)  and  glide  path  (7.5  deg).  Attention  was  focused  upon  VFR  and  IFR 
approach*  in  both  smooth  and  moderately  turbulent  ambient  conditions.  For 
each  approach  the  control  power  used,  as  opposed  to  that  available,  was 
measured  when  there  was  essentially  unlimited  authority.  The  roll  control 
power  available  was  then  systematically  reduced  for  selected  lateral -directional 
configurations  to  determine  the  minimum  lateral  control  power  required. 
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Three  evaluation  pilots  participated  in  the  program  and  made  a  total 
of  102  evaluations  of  17  different  combinations  of  lateral-directional  character 
is tics.  Each  pilot  recorded  his  coaments  during  the  evaluations  and  then 
assigned  two  pilot  ratings  us  ag  the  Cooper-Harper  Scale  (Reference  5) :  one 
rating  for  the  aircraft  consi  r  ing  the  VFR  approach  task  alone,  and  an  overall 
rating  for  the  aircraft  in  tt  context  of  STOL  terminal  area  operations,  based 
upon  both  approach  tasks.  In  udi  case,  a  turbulence  effect  rating  was  assigned 
based  upon  the  degree  of  deterioration  in  task  performance  due  to  anbient 
turbulence.  Aircraft  flight  nriables  were  recorded  continuously  during  all 
flights  and  processed  digital’  to  obtain  identification  of  evaluation  configura 
tion  dynamic  characteristics  and  statistical  measures  of  control  usage,  task 
performance,  and  anbient  turbulence  levels. 

The  report  is  divided  into  two  volumes.  Volume  I  is  a  summary  of  the 
experiment  and  the  important  results,  while  Volume  II  contains  the  details  of 
the  experiment  and  the  analysis  of  the  data  and  provides  specific  background 
information  for  the  contents  of  Volume  I.  This  volume  of  the  report  is  orga¬ 
nized  as  follows.  Section  II  discusses  the  design  of  the  experiment;  Section 
III  outlines  the  conduct  of  the  experiment,  including  a  brief  description  of 
the  equipment  used.  The  results  of  the  experiment  in  the  form  of  pilot  ratings 
and  comments  are  presented  in  Section  IV,  while  Section  V  presents  the  results 
of  the  sub -experiment  to  determine  minimum  lateral  control  power  requirements. 

A  summary  of  the  statistical  measures  is  presented  in  Section  VI,  and  :orrela- 
ticna  of  the  data  with  existing  flying  qualities  criteria  are  given  in  Section. 
VII.  Finally,  the  conclusions  are  given  in  Section  VIII.  Appendix  I  from 
Volume  II  is  repeated  in  this  volume  as  a  summary  of  applicable  background  data. 


Section  II 

DESIGN  OF  TOE  EXPERIMENT 


The  purpose  of  the  experiment  was  to  generate  lateral-directional 
flying  qualities  data  and  to  determine  the  minimum  lateral  control  power  for 
STOL  aircraft  during  terminal  area  operations  (Flight  Phase  Category  C).  To 
best  accomplish  this  objective,  the  approach  subphase  was  chosen  as  the  area 
in  which  to  concentrate  quantitatively,  with  the  actual  landing  to  receive 
attention  through  extrapolation.  Thu  approach  subphase  encompasses  the 
following  elements:  visual  approach,  "tracking",  localizer  and  glide  slope 
capture,  ILS  tracking,  breakout,  visual  runway  line  up,  and  wave  off.  As  is 
discussed  in  the  next  section,  the  evaluation  task  was  designed  to  exercise 
all  of  these  elements,  thereby  studying  the  approach  subphase. 

This  section  will  describe  the  design  of  the  experiment,  including  a 
arief  summary  of  the  rationale  behind  the  selection  of  the  lateral-directional 
characteristics,  and  present  the  details  of  the  evaluation  configurations. 

2.1  BACKGROUND  AND  PURPOSE 

The  landing  approach  is  perhaps  the  most  critical  phase  of  flight  for 
STOL  aircraft  which  fall  within  the  Class  II  category  in  the  military  specifi¬ 
cations.  This  phase  of  flight  presents  the  pilot  with  an  exacting  task,  and 
is  often  complicated  by  IFR  flight  conditions  requiring  precise  instrument 
flying,  a  transition  to  visual  flight  with  a  possible  lateral  offset  from  the 
runway,  and  a  landing  in  a  limited  period  of  time.  Additional  factors  such  as 
turbulence  and  crosswinds  can  further  complicate  the  pilot's  already  demanding 
task.  Obviously,  in  this  critical  portion  of  his  flight,  the  pilot  should  be 
provided  with  the  best  possible  flying  qualities  and  adequate  control  power. 

Unfortunately,  the  flying  qualities,  as  well  as  the  available  control 
power,  of  STOL  designs  are  adversely  affected  by  the  relati«3ly  high  inertias 
of  the  aircraft  in  combination  with  the  slow  approach  speeds.  In  particular, 
the  demands  on  lateral  control  power  may  bo  high  at  a  time  when  aerodynamic 
control  effectiveness  is  reduced  due  to  the  low  approach  speeds.  In  many 
cases,  depending  on  the  design,  the  control  effectiveness  may  therefore  need 
to  be  augmented  in  some  manner,  which  can  be  costly  in  the  form  of  unwanted 
weight  or  power  penalties.  The  designer  is  therefore  interested  in  knoving 
what  minimum  control  power  is  required  to  do  the  task,  in  this  case  the  STOL 
landing  approach.  In  addition,  he  is  concerned  about  the  flying  qualities 
requirements  and  how  the  control  power  requirements  are  related  to  these 
characteristics.  This  experiment  was  designed  to  produce  data  to  help  clarify 
these  problem  areas.  Specifically,  the  experiment  was  aimed  at  the  determina¬ 
tion  of  minimum  lateral  control  power  requirements  for  the  STOL  landing  approach 
task  for  a  variety  of  lateral-directional  response  characteristics. 
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Part  of  the  reason  for  the  paucity  of  control  pa'er  data,  particularly 
for  370 L  ail  craft,  is  the  facr  that  ir.  most  investigations  ,  with  both  real 
aircraft  and  simulators,  the  actual  control  power  used  to  perform  a  specific 
task  is  not  documented  --  typically,  only  u n  control  power  available  is  quoted. 
Reference  6  is  an  example  of  an  extensive  investigation  of  lateral-directional 
fifing  qualities,  ap  lioeble  to  $701  ja.-f&ft,  which  reported  r.o  control  usage 
data.  The  approach  use-J  ir.  the  current  experiment,  therefore,  was  to  measure 
tiie  ac^us!  control  pc-wer  used  when  n,3i4!  v?as  essentially  unlimited  authority, 
aao  then  to  reduce  the  control  oo.-er  available  to  letermine  the  minimum  amount 
required.  A  recent  investigation  (Reference  7),  using  the  UCAP/Calspan 
'ariiuAe  stability  T-7-3,  concerned  itself  vi ir.  *h~-  problem  of  determining  the 
ssiaitata  roll  control  power  requirements  fox  executive  jet  ana  related  military 
Class  II  airplen.es.  and  was  us  si  as  a  guideline  for  the  design  of  this  experi¬ 
ment  , 


There  are.  many  aircraft  ami  task  variables  which  influence  the  control 
power  requir’d  tc  perf;>r2  a  given  mission  nr  series  of  casks.  Since  all  these 
factors  interact  with  cadi  oth-r.  toe  result  is  m.  extrc-iery  ccaplex  situation. 
A  more  detailed  oi  sea,  si  on  of  the  many  aircraft  and  task  vsriab1e.  involved  can 
be  found  in  the  back-up  documents  for  the  mlitary  specification  (References  2 


and  *). 


primary  factor  is,  of  course ;  tve  mission;  for  this  experiaent. 


S'PL  aircraft  terminal  area  operations  v  ere  c£  interest,  including  both  TTR 
and  VFR  approaches.  In  genet :tl,  for  this  mission  control  power  is  required 
to: 


03  trim,  i,e.  maintain  some  steady  flight  condition  for  normal 
states  and  failure  states, 

(2)  maneuver,  i.e.  perform  the  cecess aiy  tasks  rbout  trim,  and 

(.3)  correct,  for  disturbances,  i.e.  correct  the  effects  of 
external  disturbances  and  failure  transients . 

The  lateral-directional  parameters  whicn  hare  the  most  direct  effect  on  lateral 
control  power  and  the  aircraft  flying  qualities  are  summarized  briefly  below. 


•  roll  mode  time  constant,  ^ 

•  Dutch  roll  mode  frequency  and  damping  ratio,  0)^,  id 

•  frequency  and  damping  ri  ~.io  of  the  numerator  factor  in  the 

41  $4$  transfer  fmctior  .cfy, 

w  roll  to  sideslip  ratio  in  the  Dutch  roll  mode,  |4J/£jj 

»  gust  response  re-presented  by  the  important  input  derivatives, 
Lf  *  ^/S 


i 

i 

| 


l 

) 

r 

i 

\ 
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e  cross via d  co&ponent  on  approach 

«  control  sensitivity, 

•  •■csitrol  linearity,  stick  travel  and  force  gradients. 

A  thorough  investigation  of  the  influence  on  lateral  control  power  requirements 
of  ail  of  th-sse  paras-eters  is  generally  beyond  the  scope  of  a  single  experiment 
Of  the  potential  aircraft  and  task  characteristics  listed  above,  the  test 
program  was  designed  to  focus  expressly  or  the  effects  on  the  aircraft's  flying 
qualities  and  control  power  requirements  of  : 

1.  roll  mode  time  constant,  %  ,  Dutch  roll  frequency ,  oo^ . 

roll  to  sideslip  ratio  in  the  Dutch  roll  mode,  \<P//$\j  , 
snd  the  coupling  parameter  which  determines  the 

yaw  due  tc  aileron  inputs  and  the  values  of  ^ 

2.  approach  conditions.  VFR  or  IFR 

3.  wind  (crosswind)  and  turbulence  (gust  response) 

Sections  2.3.1.  and  2.3.2  present  the  values  of  the  modal  parameters 
chosen  as  most  important  for  systematic  variation  in  this  program.,  thus  de¬ 
fining  the  resulting  evaluation  configurations.  For  these  lateral-directional 
configurations,  the  control  power  used  during  the  landing  approach  task  was 
measured  during  each  evaluation.  To  determine  the  minimum  control  power 
required  for  Level  1  and  Level  2  flying  qualities,  the  available  lateral 
control  power  was  systematically  limited  to  values  below  the  level  used  when 
there  was  no  limitation.  This  procedure  is  described  in  Section  2.3.3. 

2.2  FLIGHT  CONDITION 

The  aircraft  characteristics  for  the  flight  condition  chosen  for 
this  investigation  are  summarized  in  the  following  table: 


V* 

kt/fps 

7i 

deg 

-If 

deg 

• 

h  (zero 
wind) 
fpm 

g/rad 

dt/dM 

deg/kt 

im 

UxiSc 

65/110 

50 

7.5 

860 

1.7 

-0.22 

-1.65 

The  duct  angle  of  50°  was  chosen  to  optimize  the  rate  of  descent 
capability  of  the  X-22A  at  the  65  knot  approach,  speed  (see  Appendix  VII). 

This  duct- angle-approach-speed  combination  was  the  primary  flight  condition 
in  the  first  research  program  using  the  X-22A  (Reference  3),  in  which  varia¬ 
tions  in  longitudinal  flying  qualities  were  made  while  fhe  lateral-directional 
characteristics  were  held  at  satisfactory  values.  For  that  program,  a  glide 
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path  angle  relative  to  the  ground  (J)  of  -9  deg  was  used  for  the  primary 
investig^-ion.  During  the  practice  evaluations  fo*.  this  experiment  using 
t  »  ueg,  however,  the  pilots  thought  that  the  level  of  pilot  workload  with 
deteriorated  lateral-directional  flying  qualities  was  too  high  to  perform  the 
evaluations  properly.  This  interesting  observation  demonstrates  the  importance 
of  the  interaction  between  flying  qualities,  required  performance  (steep  glide 
path),  and  aircraft  performance  limitations  such  as  maximum  rate-of-descent 
caused  by  stall  or  buffet  boundaries.  As  a  result  of  the  pilot  comments,  a 
shallower  but  still  representative  STOL  glide  path  of  -7.S  deg  wa^  selected 
for  this  lateral-directicnal  program  to  insure  sufficient  margin  from  the 
X-22A  buffet  boundaries  and  hence  obviate  performance  constraints  as  a 
consideration.  Although  no  attempt  was  made  to  "optimize"  the  final  glide 
path  chosen,  it  is  thought  that  the  value  of  T  -  -7.S  deg  allowed  valid 
evaluations  of  lateral-directional  characteristics  to  be  performed.  It  is 
clear  *hat  further  studies  of  this  interaction  are  desirable,  however. 

2.3  EVALUATION  CONFIGURATIONS 

The  evaluation  configurations  were  selected  after  a  careful  review 
cf  previous  experiments  (References  6  and  7,  for  example),  and  the  values  of 
the  parameters  used  in  the  experiment  are  representative  of  the  ranges  expected 
in  STOL  aircraft.  Each  configuration  consisted  of  three  parts:  a  set  of 

values  -F  and  4%  ;  a  value  of  /V$  //.«  ;  and  a  value  of  lateral 

control  power  available , 

] 

A  summary  of  all  the  pertinent  data  associated  with  each  evaluation 
configuration,  including  the  identified  stability  derivatives  and  lateral- 
directional  modal  parameters ,  is  contained  in  Appendix  I.  Various  response 
time  histories  are  presented  in  Appendix  II.  Appendix  III  outlines  the 
calibration  procedures  and  the  digital  identification  technique  used  during 
the  program,  while  Appendix  VII  explains  tho  mechanization  of  the  simulated 
configurations  on  the  variable  stability  X-22A  aircraft. 

2.3.1  Variations  in  Xe>  ,  and 

The  specific  combinations  of  these  parameters  that  comprised  the 
seven  base  evaluation  configurations  are  shown  in  the  following  table.  The 
circled  numbers  in  the  blocks  ' re  the  configuration  identification  numbers 
which  will  be  used  throughout  the  report  to  facilitate  correlation  of  the 
data.  Section  2.3.4  will  describe  the  full  configuration  identifier,  which 
also  includes  an  appropriate  code  to  indicate  the  variations  in  yaw  due  to 
aileron,  and  the  amount  of  control  power  limiting  for  each 

configuration. 
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CONFIGURATION  NUMBERS 


2.  The  spiral  mode  varied  for  each  configuration  but 
had  times  to  double  amplitude  >  18  seconds  or 
times  to  half  amplitude  >  6  seconds. 

All  the  values  of  the  para-aeters  shown  represent  nominal  values  with 
variations  in  the  values  among  the  configurations  of  approximately  ±10%.  The 
exact  values  fer  each  configuration  are  summarized  in  Appendices  I  and  IV. 


each  of  the  seven  bass  configurations  described  in  the  previous 
station  was  evaluated  with  an  "optimum”  value  of  This 

"optimum"  value  of  ?(?s  was  calculated  prior  to  the  evaluation  flights 

on  the  basis  of  minimizing  the  sideslip  response  to  aileron-only  inputs  using 
the  criterion  of  Reference  3.  These  values  were,  therefore,  optimum 

in  the  "theoretical"  sense  culy.  Flight  time  constraints  in  the  program 
precluded  the  determination  of  a  true  optimum  value  through  pilot  evaluations. 

For  configurations  1  through  5,  at  least  two  variations  in  the  values 
of  ^Sas^Sffs  were  also  evaluated:  one  to  produce  large  adverse  yaw  due  to 
aileron  inputs  and  the  other  in  the  proverse  direction. 

2.3.3  Variations  in  L  $*S  -  Lateral  Control  Power 

All  of  the  17  configurations  described  above  (7  with  "optimum"  values 

of  plus  10  with  variations  in  ,  were  first  evaluated  with 

no  limito  on  the  lateral  control  power  available.  The  available  lateral  control 
power  for  configurations  2,  3,  4  and  5  was  then  systematically  reduced  to 
deteriidne  the  minimum  lateral  control  power  required  for  Level  1  (PR  <3. 5)  and 
Level  2  (PR  <  6.5)  flying  qualities. 

Figure  2-1  presents  a  schematic  diagram  of  the  method  of  electronically 
limiting  the  lateral  control  available  and  therefore  the  lateial  control  power. 
According  to  Reference  7,  this  method  of  electronically  limiting  the  lateral 
control  authority  is  preferable  to  adjusting  mechanical  stops  in  the  cockpit 
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or  changing  the  lateral  control  sensitivity.  A  more  detailed  discussion  of  the 
control  limiter  mechanization  can  be  found  in  Appendix  VII. 


Figure  2-1  Aileron  Lisiter  Schematic 

2.3.4  Configuration  Identifier 

The  full  identifier  for  each  evaluation  configuration,  consists  of: 
1. 


2. 


A  nunber  tc  identify  -^he  set  of  tg,  and  &><*  values 

used,  1  through  /. 

A  letter  to  identify  the  value  of  used ,  "0"  for 

optimum,  "A”  for  adverse,  "?"  for  proverse 

Two  digits  to  indicate  the  degree  of  lateral  control  limiting 
used,  "00"  for  no  limiting  up  to  99  for  the  maximum  control 
limiting  (i.e.,  minimum  lateral  control  power  available). 


For  example:  fS- A-00 {  is  configuration  3  with  adverse  and  no  control 

limiting.  — 


2.4 


LATERAL  AND  DIRECTIONAL  GEARING 


The  gearing  ratio  between  the  evaluation  pilot's  lateral  stick  and 
the  X-22A  lateral  control  determines  the  value  of  ,  while  the  ratio 

between  the  evaluation  pilot's  and  X-22A's  rudder  pedals  determines  - 

These  gearings  and  therefore  the  lateral  and  directional  control  sensitivities 
were  selected  by  the  pilot  at  the  beginning  of  each  evaluation.  Thi..  process  was 
used  in  ar  attempt  to  avoid  having  pilot  opinion  affected  by  control  sensitivity. 
Ideally,  each  dynamic  cor.figuiation  should  have  been  evaluated  with  several  va'v3 
of  the  lateral  and  directional  gearing  ratios,  but  this  was  not  possible  within 
the  flight  time  allowed  for  this  program. 


2.5 


LATERAL- DIRECTIONAL  FEEL  SYSTEM  CHARACTERISTICS 


The  lateral  and  the  directional  feel  system  dynamics  and  force 
gradients  were  held  constant  for  all  the  evaluations.  The  dynamics  are  seconu 
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order,  and  had  cne  following  vai’-es : 


— - 

Feel  System 

lateral 

Direetior-al  1 
> 

*  rad/sec 

_ ^ 

x  • 

»  ! 

•  «• 

•>  fS 

0.7 

0  7 

Force  Gradient  **  lb /in- 

T 

[.  .  3<J_ 

Breakout  Force  «  ib 

0.5 

r_ . 7  i 

|  Travel  in. 

±4.1 
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r  »  < 
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,  1 

i  i 


I 

1  I 


These  reel  system  \3tyr,**aics  were  corsidetud  tc  be  “fast”  for  thw 
landing  Reproach  task  with  t  T&fJJfii  *-*£  iiVTt^JwiCS  lzt*8d  £fd 

thorifare  were  not  considered  to  be  a  degrading  fetter  in.  the  flying  qualities 

evaluations. 


2.6 


LQWiinyiNAL  m  smh\  COTTKok  OV.8ACTP.RIST7 t fl 


Repr*soEcf.tive  lonjitudiv-al  STOL  characteristics  (Configuration  10, 
Reference  5)  were  selected  end  held  oc  tant  fex  all  the  evaluation  flights. 

The  pilot  coaexn.ts  indicate  tnat  those  <i,cr tstf eristics  did  net  influence  the 
pilot  rtiimgs  obtained  in  the  evaluations. 

ihe  longitudinal  characteristics ,  obtained  from  in-flight  Measurements, 
are  suamnti  trd  is  the-  ieliopirg  tab  Is. 
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Vhe  eualuatioi.  pi  lor  coatvoj  led  th«  thrust  directly  with  a  collective 
fynv*  eoMrOi  W>.,  time  ar.g  of  :r.y  ;  a  ghifi  \nesent  :  n  the  thrust  tontrol 


\  '  '  $ 


system  and  the  pitching  moment  due  to  collective.  Me  ,  was  essentially  zero. 

2.7  TUREULFNCE  AND  WIND  CONSIDERATIONS 

Turbulence  level  and  mean  wind  speed  and  direction  are  important  task 
variables  in  STOL  terminal  area  operations.  The  present  capabilities  of  the 
X-22A  VSS  arc  not  sufficiently  developed  to  simulate  these  variables  in  a 
controlled  manner,  however,  and  they  were  therefore  introduced  in  the  experi¬ 
ment  by  use  of  existing  ambient  conditions  within  the  neressury  constraints 
of  program  efficiency. 

Originally,  it  was  pl  culTI  ?d  to  fly  the  majority  of  the  approaches 
directly  into  the  wind  by  suitable  alignment  of  the  approach  guidance  systems, 
and  to  fly  a  selected  number  of  configurations  in  crosswind  conditions,  in  order 
to  properly  investigate  the  effects  of  crosswinds.  However  local  airport  traffic 
constraints  dictated  otherwise  and,  as  a  result,  the  approaches  were  flown  with  a 
representative  variety  of  wind  directions  relative  to  the  approach  path.  The 
variation  in  turbulence  level  was  introduced  by  performing  the  evaluation  flights 
either  in  light  winds  with  negligible  turbulence  present  or  in  moderate  winds  with 
an  associated  higher  turbulence  level.  This  procedure  allows  a  qualitative  dis¬ 
tinction  to  be  made  concerning  the  effects  of  turbulence  level  on  the  evaluations. 
An  unfortunate  by-product  of  the  operational  and  atmospheric  constraints  within 
which  the  flight  program  was  performed  is  that  fewer  evaluations  were  performed 
It  turbulent  cundlticna  than  device/,  A  dUrusilcm  of  the  nNNMUnc  -u€  the 
ambient  turbulence  during  the  program  and  the  simulation  of  turbulence  response 
characteristics  in  a  variable  stability  aircraft  is  given  in  Appendix  V.  A  sum- 
miy  o l  the  wind/  lwt>uU>nce  environment  So*  the  e*»iy&*.4on  eonll^smiuns  con¬ 
tained  in  Appendix  I. 
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Section  III 

CUN' DUCT  (P  THS  EXPERIMENT 


3.1  VARIABLE  STABILITY  X-22A  AlRCRAVT 

The  desired  dynamic  characteristics  of  the  evaluation  configurations 
discussed  in  Section  1 1,  both  longitudinal  and  lateral- directional,  were 
mechanized  on  the  variable  stability  X-22A  (Figure  3-1).  Briefly,  the  X-22A 
is  a  four-dtieted-prc-peller  V/STCL  aircraft  with  the  capability  of  full  tran¬ 
sition  between  hover  and  forward  flight.  The  four  ducts  are  interconnected 
and  can  be  rotated  to  change  the  duct  angle  (Ty  and  therefore  the  direction 
of  the  thrust  vector  to  achieve  the  desired  operating  flight  condition  defined 
by  a  particular  sr eed  and  duct  angle  conciliation.  The  thrust  magnitude  is 
determined  by  a  collective  pitch  lever,  very  similar  to  a  helicopter.  Normal 
aircraft -type  pitch,  roll  and  yaw  controls  in  the  cockpit  provde  the  desired 
control  moments  by  differentially  positioning  the  appropriate  controls  in 
each  duct  (propeller  pitch  and/or  eleven  deflection!.  A  mechanical  mixer 
directs  and  proportions  the  pilot's  commands  to  the  appropriate  propellers 
and  eievons  ?c  r  function  of  the  duct  angle. 

In  this  aircraft,  the  evaluation  pilot  occupies  the  left  hand  sea* 
in  the  cockpit,  which  is  shown  in  Figure  3-2.  The  system  operator,  who  also 
serves  as  the  safety  pilot,  occupies  the  right  hand  seat.  The  evaluation 
pilot's  inputs,  in  the  form  of  electrical  signals,  operate  the  appropriate 
rignt  hand  flight  controls  through  electrohydraulic  servos  when  the  VSS  is 
operating.  In  addition  to  these  signals  proportional  to  the  evaluation 
pilot's  inputs,  signals  proportional  to  appropriate  aircraft  motion  variables, 
for  example,  fiv,  p,  and  ■**,  are  fed  back  to  move  the  right  hand  controls  in 
the  required  manner  and  thus  modify  the  aircraft's  response  characteristics 
as  desired.  The  response- feedback  and  input  gain  controls  arc  located  beside 
the  safety  pilot  and  were  used  to  set  up  the  simulation  configurations  in 
flight.  Note  that  the  evaluation  pilot  cannot  feel  the  X-22A  control  motions 
produced  by  the  variable  stability  system.  Also,  in  this  experiment,  he  had  no 
knowledge  of  the  detailed  characteristics  of  the  configurations  being  evaluated. 

Control  feel  to  the  evaluation  pilot's  stick  and  rudder  pedals  was 
provided  by  electrically  controlled  hydraulic  feel  servos  which  provide 
opposing  forces  proportional  to  the  stick  or  rudder  deflections:  in  effect, 
a  simple  linear  spring  feel  system.  An  adjustable  friction  level  was  provided 
for  the  collective  stick. 

The  evaluation  pilot's  instrument  panel  is  shown  in  Figure  3-2. 
Instrumentation  for  IFR  flight  was  comprised  of  the  normal  X-22A  flight 
instruments  plus  an  attitude  indicator  with  integrated  ILS  cros s -point ers , 
thereby  providing  a  "baseline"  or  minimum  IFR  instrument  package  for  the 
experiment  (e.g.,  no  flight  director,  etc.).  Full  scale  deflection  of  the 
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Figure  3-2  EVALUATION  PILOT'S  INSTRUMENT  DISPLAY 


IIS  cross  pointers  represented  localizer  errors  of  ±4.5  degrees  and  glide 
path  errors  of  ±2.8  degrees  for  the  instrument  landing  system  used  for  the 
experiment. 

More  details  for  the  X-22A  aircraft  and  the  mechanization  of  ti  e  variable 
stability  system  for  the  experiment  are  contained  in  Appendix  VII.  The  next  sub¬ 
section  describes  the  ocher  equipment  essential  to  the  conduct  of  the  experiment . 

3.2  OTHER  EQUIPMENT 

Two  approach  guidance  systems  were  employed  during  the  program.  For 
the  IFR  approaches,  a  TALAR  high  angle  microwave  landing  system  (ILS)  with  a 
variable  glide  path  capability  was  used.  Sensitivities  of  this  unit  were  ±4.5 
deg  on  the  localizer  and  ±2.8  deg  on  the  glide  path.  These  sensitivities  were 
found  to  be  satisfactory  for  the  glide  path  angle  of  -7.5  deg  used  in  the 
experiment. 

For  the  VFR  approaches,  a  Navy  mirror  landing  system  was  used  whidi 
was  intended  to  constrain,  to  some  extend,  the  VFR  approaches  to  the  glide 
path  angle  used  for  the  IFR  approaches.  Glide  path  sensitivity  of  the  "meatball" 
with  respect  to  the  datum  lights  was  approximately  ±0.8  deg.  This  approach  aid 
d^d  not  really  present  localizer  information  since  the  approaches  could  be 
made  from  +50  deg  to  the  centerline  of  the  mirror.  In  effect,  this  approach 
aid  makes  the  VFR  approach  a  semi-precision  task  for  glide  path  control,  much 
like  having  seme  form  of  head-up  display,  but  does  not  so  constrain  lateral 
position.  During  the  evaluations,  the  pilots  noted  that  the  sense  of  the  glide 
path  errors  displayed  by  the  mirror  was  opposite  to  that  of  the  ILS  display. 

The  pilot  flew  towards  the  ILS  needle  to  zero  the  error  whereas  "meatball" 
errors  or,  the  mirror  were  zeroed  by  flying  the  ball  back  to  the  center  of  the 
mirror.  This  was  a  source  of  confusion  to  some  of  the  pilots  in  the  early 
evaluation  flights. 

Figure  3-3  shows  the  mirror  landing  system,  as  well  as  the  TALAR 
unit,  in  position  for  an  evaluation  flight. 

Both  experimental  and  flight  safety  data  were  telemetered  to  and 
monitored  by  the  Digital  Data  Acquisition  and  Monitoring  System  developed 
expressly  for  the  X- 22A  by  Calspan  and  housed  in  a  mobile  van.  Since  the 
complexity  of  the  X-22A  makes  it  impossible  for  the  pilot  to  monitor  all  the 
important  flight  safety  parameters,  it  is  essential  to  have  ground  monitoring 
of  the  flight  safety  varia  les.  The  flight  safety  variables  were  monitored 
on  chart  recorders  and  by  a  ' gital  mini-computer  in  the  van.  In  addition,  a 
continuous  recording  of  all  lemetered  data  was  obtained  on  the  "bit-stream" 
recorder  for  later  analyses  ana  processing.  An  oscillograph  in  the  X-22A 
provided  a  backup  source  for  the  pertinent  experimental  data.  During  the 
program,  good  telemetry  coverage  was  achieved  at  ranges  between  the  van  and 
the  X-22A  of  up  to  twenty  miles.  The  details  of  the  Digital  Data  Acquisition 
System  are  covered  more  fully  in  Appendix  VIII. 
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3.3 


SIMULATION  SITUATION 


To  obtain  valid  flying  qualities  data  in  the  form  of  pilot  ratings 
and  comments,  careful  attention  must  be  given  to  defining,  for  the  evaluation 
pilot,  the  mission  which  the  aircraft /pi lot  combination  will  perform  and 
the  conditions  in  which  it  will  be  performed.  For  the  current  experiment,  the 
simulated  aircraft  was  defined  as  an  all-weather  STOL  transport  (Class  II  of 
MIL-F-83300,  MIL-F-8785B,  References  1  and  3)  performing  terminal  area  opera¬ 
tions;  the  aircraft  was  considered  a  two-pilot  operation  to  the  extent  that  no 
allowance  was  made  for  typical  additional  duties,  e.g. ,  flap  setting,  communica¬ 
tions.  Additional  factors  such  as  passenger  comfort  were  not  considered  by 
the  pilot  in  making  his  evaluation. 

3.4  EVALUATION  TASKS 

Although  the  mission  involves  many  tasks,  an  evaluation  of  the  vehicle 
flying  qualities  can  be  accomplished  by  having  the  evaluation  pilot  perform  a 
series  of  maneuvers  representative  of  those  tasks  anticipated  in  the  mission. 

Kith  the  general  condit’.ons  defined  as  above,  the  specific  tasks  to  be  accom¬ 
plished  for  each  evaluation  were  defined  as  a  VFR  approach  followed  by  an  IFR 
approach.  These  tasks  are  summarized  in  Figure  3-4.  The  evaluation  tasks 
were  designed  to  exercise  all  of  the  elements  of  the  approach  subphase  of  the 
overall  terminal  area  operation  (Flight  Phase  Category  C,  References  1  and  3). 

The  actual  landing  subphase  received  attention  only  through  pilot  extrapolation, 
since  operational  constraints  prevented  the  evaluation  pilot  from  actually 
touching  down.  It  is  feasible  for  the  pilot  to  carry  out  such  an  extrapolation 
with  some  confidence  in  this  experiment,  which  is  concerned  with  lateral- 
directional  problems,  since  the  unknown  problems  of  the  flare  ar.d  touchdown  are 
largely  related  to  the  longitudinal  and  thrust  characteristics  of  the  aircraft. 

3.5  EVALUATION  PROCEDURES 

The  evaluation  procedure  was  as  follows.  At  approximately  1200  feet 
AGL,  the  safety  pilot  engaged  the  VSS  and  gave  control  of  the  aircraft  to  the 
evaluation  pilot  under  VFR  conditions.  The  evaluation  pilot  trimmed  the 
aircraft  carefully  and  took  the  necessary  calibration  records  to  allow  post¬ 
flight  verification  of  the  configuration  characteristics,  as  is  discussed  in 
Appendix  III.  After  sampling  the  aircraft  briefly,  the  evaluation  pilot 
selected  the  lateral  and  the  directional  control  sensitivities  and  then 
initiated  the  VFR  approach  using  the  mirror  landing  system  as  a  guide.  At  ap¬ 
proximately  200  ft  AGL  he  performed  a  150  foot  lateral  offset,  or  sidestep  maneu¬ 
ver,  to  line  up  with  a  500  ft  simulated  runway  centerline.  At  100  ft  AGL 
he  lined  up  with  the  runway  and  then  at  approximately  50  ft  AGL  he  arrested 
the  rate  of  descent,  leveled  off,  and  performed  a  wave-off  maneuver.  While 
flying  back  to  the  initial  point  for  the  instrument  approach,  he  tape-recorded 
comments  with  reference  to  a  short  comment  card  and  assigned  a  VFR-only  pilot 
rating  and  turbulence  rating  for  the  configuration.  The  Cooper-Harper  pilot 
rating  scale  shown  in  Figure  3-5  was  used;  the  turbulence  effect  rating  scale 
is  shown  in  Figure  3-6. 
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Figure  3-5  COOPER-HARPER  PILOT  RATING  SCALE 
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Figure  3-6  TURBULENCE  EFFECT  RATING  SCALE 


The  complete  Pilot  Comment  Card  is  reproduced  below.  After  the  visual 
approach,  the  evaluation  pilot  commented  on  only  the  VFR  designated  items. 

PILOT  CONfrfcNT  CARD 

A.  SPECIFIC  COEHENTS 

1.  Ability  to  tri'i 

a)  Lateral/directional 

2.  Control  sensitivity- 

factors  influencing  choice 

any  compromises?  any  final  complaints? 

lateral-directional  forces,  displacements? 

[VFR]*  3.  Response  to  inputs  required  to  perform  task 

a)  Roll  attitude  control 

-  initial  response,  predictability  (precision)  of 
final  response 

-  describe  pilot  inputs  required 

b)  Directional  control 

-  complaints? 

c)  Turn  coordination  requirements  in  the  context  of  the  task 

[VFR]  4.  Approach  performance 

a)  Satisfactory? 

b)  Sidestep  maneuver 

-  any  special  problems? 

5.  Could  you  land  from  ILS  approach? 
f.  Special  control  techniques? 

7.  Differences  between  VFR  and  IFR  flight 

if  large,  explain 

any  second  thoughts  on  VFR  rating? 

8.  Effects  of  turbulence/wind 

which  axes? 

major  problem  with  turbulence? 

9.  Longitudinal  and  thrust  control  characteristics 

satisfactory? 

10.  Any  simulation  deficiencies? 

B.  SUMMARY  COMMENTS 

[VFR]  1.  Good  features 

[VFR]  2.  Objectionable  features 

[VFR]  3.  Pilot  rating 

record  decision  making  process 

identify  deficiency  which  most  influenced  rating 

[VFR]  4.  Turbulence  rating 

*  Note:  Comments  for  VFR  approach  as  well  as  overall  rating 
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Upon  completion  of  the  VFR  cossmerts  and  rating,  the  e/aluation  pilot 
went  "under  the  hood*'  at  approximately  1500  ft  AGL  and  followed  simulated  radar 
vectors  to  intercept  the  localizer.  He  then  performed  an  IFR  approach  with  a 
breakout  at  200  ft  AGL,  after  which  he  visually  performed  a  sidestep  ®a.»vi!vc*; 
to  the  pseudo  runway  centerline.  At  approximately  50  ft  AGL  over  the  "runway ‘ 
he  levelled  orf  and  performed  the  wave-off.  After  the  wave-off,  the  stfe-y 
pilot  set  up  the  next  evaluation  configurer  ion  while  the  evaluation  pilot  made 
comments  with  reference  to  the  complete  pilot  comment  card.  After  finishing 
his  detailed  comments,  the  evaluation  pilot  assigned  an  overall  pilot  rating 
for  the  aircraft  in  the  context  of  STOL  terminal  area  operations,  including 
both  the  VFR  and  IFR  approaches,  and  a  turbulence  rating. 

Two  salient  points  in  the  evaluation  pro.edure  as  described  bear 
consideration. 


1.  Note  that  a  VFR  only,  as  well  as  an  overall,  rating  was 

assigned  to  the  aircraft.  In  general,  a  useful  pilot  rating 
should  include  the  pilot's  weighting  of  the  performance 
achieved  in  aj.1  tasks  representative  of  the  flight  phase 
or  subphase  under  consideration  -  hence,  the  overall  rating 
assigned  during  the  evaluation.  However,  the  possibility 
existed  that  the  minimal  sophistication  of  the  instrument 
display  used  in  this  experiment  might  downgrade  the  IFR 
portion  of  the  evaluation  to  an  unrealistic  extent  in  terms  of 
future  instrument  displays.  Therefore,  brief  comments  and 
a  rating  on  the  VFR  only  approach,  which  might  be  considered 
the  target  for  future  IrR  operations  with  more  sophisticated 
displays,  were  also  obtained  to  ascertain  whether  or  not  this 
effect  was  present  in  the  overall  rating.  In  the  recent  X-22A 
longitudinal  flying  qualities  experiment  (Reference  81 ,  the 
difference  between  these  ratings  was  not  significant, 
apparently  because  the  visual  approach  is  a  semi-precision 
longitudinal  task  when  using  the  visual  approach  guidance 
system,  but  it  was  not  known  whether  this  characteristic 
would  also  be  evident  for  lateral-directional  evaluations. 


The  turbulence  rating  was  not  a  quantitative  indication 
of  the  turbulence  level  encountered.  The  overall  pilot  rating 
properly  includes  the  pilot's  weighting  of  the  air craft /pi lot 
system  in  a  turbulence  environment  and  the  purpose  of  the 
turbulence  effect  rating  is  primarily  to  provide  a  qualitative 
indication  to  the  analyst  of  how  much  turbulence  affected  the 
task  performance. 


3.6 


DATA  REQUIRED 


As  was  briefly  mentioned  in  Section  3.2,  a  continuous  recording  of 
all  the  required  telemetered  data  was  made  on  a  "bit-stream"  recorder  in  the 
mobile  var.  for  later  analysis  and  processing.  More  details  about  the  Digital 
Data  Acquisition  System  are  covered  in  Appendix  VIII. 
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The  data  acquired  from  this  experiment  fell  into  the  following 
categories : 

5 .  Pilot  Ratings  and  Consents 

2.  Control  U^sge  and  Task  Performance 

3.  Wind  and  Turbulence 

4.  Aircraft  Response 

Data  on  aircraft  response  was  required  to  identify  the  dynamic 
characteristics  of  the  evaluation  configurations  (See  Appendix  III),  The 
first  three  data  categories  are  closely  interrelated  since  information  on 
control  usage  (workload),  performance  and  ambient  atmospheric  conditions  is 
required  before  the  pilot  ratings  and  comment  data  can  be  properly  interpreted. 
Section  IV  discusses  the  experimental  results  in  the  form  of  pilot  comments 
and  ratings,  while  Section  V  presents  the  results  of  the  evi  illations  designed 
to  determine  the  minimum  lateral  control  power  requirements  for  STOL  landing 
approach.  The  details  of  the  statistical  analyses  of  control  usage  and  task 
performance  are  presented  in  Appendix  VI  while  Appendix  V  summarizes  the 
techniques  used  to  measure  the  turbulence  levels  during  the  evaluation. 

3.7  EVALUATION  SUMMARY 

Three  evaluation  pilots  participated  in  this  flying  qualities  investi¬ 
gation;  their  oackgroiinds  are  summarized  below: 

Pilot  A  -  Calspan  Research  Pilot  with  extensive  experience  as  an 

evaluation  pilot  in  flying  qualities  investigations.  His 
flight  experience  of  3300  hours  includes  over  500  hours 
in  heliconters  and  he  is  a  qualified  X-22A  pilot. 

Pilot  B  -  Calspan  Research  Pilot  witi  experience  as  an  evaluation 
pilot  in  flying  qualities  investigations  using  both 
variable  stability  aircraft  and  ground  simulators.  His 
flight  experience  of  9200  hours  includes  6000  hours  in 
multi-engine  aircraft  in  addition  to  trainers  and 
helicopters . 

Pilot  C  -  Calspan  Research  Pilot  with  extensive  experience  in 

V/STOL  flying  qualities  research.  He  has  approximately 
3500  hours  flying  time  of  which  500  hours  are  in  heli¬ 
copters  and  is  qualified  in  the  X-22A  aircraft. 

A  total  of  63.1  hours  was  flown  in  this  research  program  with  the 
X-22A  aircraft,  of  which  33.6  hours  were  devoted  to  evaluation  flights;  the 
remaining  hours  were  primarily  devoted  to  calibration  flights  and  practice 
evaluations.  Approximately  5  hours  was  used  for  development  of  the  X-22A’s 
hover/transition  capability  on  the  variable  stability  system  which  is  reported 
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in  Reference  9.  The  three  pilots  performed  a  total  of  102  evaluations  of 
17  different  combinations  of  lateral-directional  dyrsapics ,  Of  ite.s  total, 

20  evaluations  were  performed  with  the  later-i  centra I  carver  u.virec  to  seme 
degree. 

The  distribution  of  evaluations  is  suBsaricdd  in  tht  following  table. 


Pilot  A 

64 

(19) 

Pilot  B 

17 

Pilot  C 

fi) 

Totals 

1C2 

(2D) 

in  uaiaii* 

•  72  reor 

ese.it 

rrjaj^r  oi  ev£>  cul:  ons 
performed  with  some  decree  of  lateral  control  p-o^er  Uasifing.  Appendix  -  I 
surasnarizes  the  distribution  of  evaluations  .;itb  r-iv-.-ot  to  the 
turbulence  present  during  the  evaluations . 
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Section  IV 


EXPERI.’£NTAL  RESULTS  -  EFFECT  OF  MODAL  PARAMETERS  ON  FLYING  QUALITIES 

This.  section  sii^uari ::es  and  discusse.*  the  effects  of  the  modal  param¬ 
eter*'  investigated  in  tnis  experiment  on  the  flying  qualities  of  the  simulated 
aircraft.  The  effects  •:£  ximiteu  toII  control  power  are  discussed  in  Section  V 
of  this  rcrort;  the  result*  presented  in  this  section  are  therefore  indepen¬ 
dent  o.C  control  power  available,  as  the  maximum  roll  control  power  available 
in  the  oasic  X-22A  was  net  approached  in  any  of  the  "unlimited"  cases.  The 
configuration  identifiers  used  ir  this  section  have  therefore  been  simplified 
t>  excluding  the  final  tw''  digit*  which  describe  the  degree  of  control 
limiting  (see  Section  2.3.4).  fhe  pilot  ratings  for  all  the  evaluations  are 
tabulated  in  Appendix  I,  and  summaries  of  the  pilot  comments  are  given  in 
Appendix  II. 


For  clarity  i:i  ascertaining  trends,  the  results  are  presented  in 
terjs  of  ''averaged"  pilot  ratings  and  the  nominal  modal  characteristics  dis¬ 
cussed  in  Section  II.  These  "averaged"  pilot  ratings  represent  the  average 
of  ail  the  evaluations  for  a  given  configuration  and  are  therefore  simple 
averages.  Average  pilot  ratings  are  shown  both  for  all  evaluation?  of  a 
given  configuration  and  for  the  evaluations  separated  according  to  whether 
negligible  or  noticeable  turbulence  was  present;  the  criteria  for  this 
separation  and  the  resulting  groups  cf  ratings  are  given  in  Appendix  I.  For 
completeness ,  the  total  spread  of  pilot  ratings  about  the  average  is  shown 
on  the  plots  presented  in  support  of  the  discussions  in  this  section;  in  addi¬ 
tion,  the  number  of  pilot  ratings  which  are  included  for  each  point  on  these 
summary  plots  is  given  in  parentheses. 

4.1  EFFECT  OF  ROLL  MODE  TIME  CONSTANT  (  'Xe  ) 

The  effect  of  roll  mode  time  constant  on  pilot  rating  may  be  seen  by 
comparing  the  ratings  of  Configurations  2-0,  4-0  and  6-0  with  each  other  (for 
U/slfd  i  o.4)  and  3-0,  5-0  and  7-0  with  each  other  (for|0//9|j  =  1.4).  The 
ratings  for  these  configuration,  are  summarized  in  Figures  4-la  and  4-lb,  again 
depending  on  whether  or  not  turbulence  effects  are  separated  out.  Since  the 
trends  are  identical  in  both  cases,  consider  for  the  purposes  of  discussion  the 
negligible  turbulence  results  in  Figure  4-la,  and  the  overall  results  in 
Figure  4- lb. 

Tho  following  trends  are  evident  from  the  graphs: 

*  No  significant  deterioration  of  average  pilot  rating  with  Te 

is  evident  between  =0.35  and  0.75  for  either  . 

The  average  pilot  rating  for  these  values  of  varies  be¬ 
tween  2.5  and  3.5  as  \<Pj/b\d  increases  in  negligible  tu  bulence. 

*  The  spread  of  pilot  ratings  is  larger  at  =  0.75  than  at 

^  =0.35  for  both  values  of  . 


•  AVERAGE  '  OPTIMUM" 
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()  NO.  OF  DATA  POINTS 


(sec)  tp  (sec) 

Figure  4-1b  EFFECT  OF  TR  ON  PILOT  RATING  {ALL  EVALUATIONS) 


•  A  significant  deterioration  of  average  pilot  rating,  as  well 
as  of  both  the  maximum  and  minimum  values  given,  occurs  for  a 
change  of  T*  from  0.75  to  1.45.  The  change  is  approximately 
three  pilot  rating  units  for  both  values  of  l ,  and  in 
both  cases  changes  the  airplane  from  satisfactory  (PR  =  3.5) 
to  adequate  (PR  =  6.5  )  in  negligible  turbulence. 

Consider  initially  the  evaluations  of  the  low  \<p//S\j{=  0.4)  cases,  i.e.. 
Configurations  2-0  (  =  .35),  4-0  (  =  .75)  and  6-0  (  “2^  =  1.45).  Pilot 

comments  for  Configuration  2-0  uniformly  approve  of  the  very  predictable  final 
response  due  to  the  high  roll  damping.  Several  comments  for  both  Pilots  A  and  B 
object  to  a  "sluggishness"  or  "heaviness"  in  the  initial  response,  but  these 
characteristics  are  generally  attributable  to  their  selection  of  somewhat  low 
roll  control  sensitivities  (  ).  All  the  comments  note  good  approach 

tracking  performance  and  a  good  and  easily  performed  sidestep  maneuver  for  this 
configuration.  The  spread  in  pilot  ratings  for  this  configuration  is  relatively 
small,  and,  in  fact,  it  appears  to  have  been  somewhat  down-rated  generally  due 
to  the  poor  choice  of  sensitivities  by  Pilots  A  and  B. 
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Pilot  comments  for  Configuration  4-0  tend  to  reflect  the  increased 
spread  of  the  pilot  ratings.  Pilot  A  liked  the  roll  performance  very  well  each 
time  he  evaluated  the  configuration,  feeling  that  the  initial  response  was 
satisfactorily  snappy  and  the  final  response  sufficiently  predictable.  Both 
Pilots  B  and  C,  however,  noted  a  tendency  to  overcontrol  and  even  PIO  in  bank 
angle  tracking,  and  degraded  the  configuration  on  this  basis.  This  variance 
in  pilot  opinion  is  probably  typical  of  configurations  which  are  marginally 
satisfactory,  as  details  of  pilot  technique  and  preference  become  of  more  im¬ 
portance  to  the  rating;  hence,  even  though  the  average  pilot  rating  remains 
the  same  as  for  Configuration  2-0  which  has  a  roll  mode  time  constant  twice 
as  fast,  it  is  likely  that  the  roll  mode  time  constant  of  0.75  sec  in  Con¬ 
figuration  4-0  is  less  satisfactory. 

Configuration  6-0  has  a  roll  mode  time  constant  of  Xt  =  1.45  sec,  the 
longest  investigated  in  this  experiment.  Pilot  comments  for  this  configuration 
reflect  the  fact  that  this  roll  mode  time  constant  generally  leads  to  dif¬ 
ficulties  in  both  the  initial  and  the  final  roll  response  to  aileron  stick  in¬ 
puts.  In  general  the  comments  note  that  the  initial  roll  response  was  some¬ 
what  sluggish,  that  the  airplane  '*wallowed"  laterally,  and  that  the  final  re¬ 
sponse  was  unpredictable  with  a  tendency  to  overshoot  and  oscillate  about  the 
desired  bank  angle.  It  is  interesting  to  note  that  the  comments  are  more  con¬ 
sistent  than  the  pilot  ratings  for  this  configuration  and  hence  the  spread  of 
ratings  shown  in  Figure  4-1  is  somewhat  misleading  (cf.  the  comments  of  Pilot  C 
on  Flights  F-89  and  F-?0) .  The  average  pilot  rating  is  significantly  deterio¬ 
rated  for  this  configuration  over  the  previous  two,  with  the  change  being  about 
three  pilot  rating  units,  and  hence  this  roll  mode  time  constant  leads  to  an 
airplane  that  is  marginally  adequate  (PR  =  6.5). 

The  trends  with  roll  mode  time  constant  are  the  same  at  the  higher 
\4l&\d  (Configurations  3-0,  5-0,  and  7-0)  as  those  discussed  for  the  lower 
\<HMd  •  Again,  very  little  change  in  pilot  rating  is  evident  between  ^  = 

0.35  sec  and  *  0.75  sec,  but  the  spread  of  pilot  ratings  is  larger  at  = 

0.75  sec  (Configuration  5-0).  Examination  of  the  pilot  comments  for  this  con¬ 
figuration  again  shows  the  marginally  satisfactory  nature  of  the  configuration. 
Pilot  A,  in  particular,  noted  tendencies  to  overcontrol  in  roll  (leading  to  a 
requirement  to  lead  the  final  response)  but  did  not  downrate  the  configuration 
for  this  characteristic  (cf.  comments  on  Flights  F-75  and  F-79) .  As  in  the 
cases  with  low  ,  a  significant  deterioration  in  pilot  rating  is  evident 

in  changing  from  %  =  0.75  to  %  =  1.45  sec.  The  problems  associated  with 
overcontrol  in  roll  are  even  more  evident  at  the  higher  ,  and  the  con¬ 

i'  duration  is  considered  only  marginally  adequate  at  best  (cf.  all  comments 
for  Configuration  7-0).  It  should  also  be  noted  that  the  effect  of  turbulence 
is  much  larger  at  the  higher  \4>lfi\d  ,  degrading  the  average  pilot  ratings  for 
all  roll  mode  time  constants. 

On  the  basis  of  the  average  pilot  rating  lines  presented  in  Figures  4- la 
and  4-lb  in  noticeable  turbulence,  the  general  conclusions  that  may  be  drawn  are: 


e  For  low  W&U  (=  0.4),  a  marginally  satisfactory  (PR  =  3.5) 
value  of  roll  mode  time  constant  is  on  the  order  of  =0.9 
seconds,  and  a  marginally  adequate  (PR  =  6.5)  value  i s  7^  =1.5 
seconds . 

•  For  high  l^/£ld  («  1.4),  the  satisfactory  and  adequate  values  of 
given  above  for  low  l^/Sld  remain  approximately  valid  in 
negligible  turbulence.  In  noticeable  turbulence  however, 
all  the  configurations  were  unsatisfactory  (PR >3.5)  and 
the  marginally  adequate  (PR  =  6.5)  value  of  roll  modi  time 
constant  is?^  =  1.1  seconds. 

4.2  EFFECT  OF  DUTCH  ROLL  FREQUENCY  (o)d) 

The  effect  of  Dutch  roll  undamped  natural  frequency  on  pilot  rating 
may  be  seen  by  comparing  the  evaluations  for  Configurations  1-0  and  3-0,  both 
of  which  were  at  the  higher  \6//6\j  and  smallest  Tg  investigated  in  this  experi¬ 
ment.  These  ratings  are  summarized  in  Figures  4-2a,  separated  according  to  level 
of  turbulence,  and  4-2b,  which  averages  all  the  evaluations  for  these  configura¬ 
tions.  It  is  clear  that,  regardless  of  whether  or  not  turbulence  is  present, 
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Figure  4-2b  EFFECT  OF  OJd  ON  PILOT  RATING  (ALL  EVALUATIONS) 


a  significant  degradation  in  pilot  rating  occurs  in  changing  from  the  higher 
u)d  (  =  1.4)  to  the  lower  one  (  =  0.4)  investigated.  Pilot  comments  for  the 
lower  cJj  (Configuration  1-0)  indicate  that  the  primary  deficiencies  included 
difficulty  in  controlling  the  sideslip  (large  ball  excursions)  and  the  require¬ 
ment  to  attempt  to  hold  a  tight  directional  loop  with  the  rudders,  both  of  which 
caused  the  airplane  to  be  considered  marginally  acceptable,  particularly  in  tur¬ 
bulence  (cf.  comments  for  1-0  on  Flights  F-77  and  F-90,  Appendix  II).  Although 
the  comments  for  Configuration  3-0  are  masked  somewhat  by  the  fact  that  the 
"optimum"  A *'$43 IL's^g  used  was  in  fact  somewhat  proverse,  the  directional  con¬ 
trol  was  generally  considered  a  good  feature  for  this  configuration  with  ty  =  1.4. 

Although  these  results  do  not  provide  sufficient  data  to  define 
precise  boundaries,  the  line  joining  the  average  pilot  ratings  in  Figure  4-2a 
(noticeable  turbulence)  indicates  that  a  generally  acceptable  value  (i.e. 

PR  i  6.5)  for  Dutch  roll  undamped  natural  frequency  would  bewj  £  0.7  rad/sec. 


4.3 


EFFECTS  OF  ROLL-TO-SIDESLIP  RATIO  (  ) 

The  effects  of  1 on  pilot  rating  for  the  two  values  investigated 
in  this  experiment  may  be  seen  by  comparing  the  evaluations  of  the  following 
configuration  pairs:  2-0  and  3-0,  4-0  and  5-0,  and  6-0  and  7-0.  These  com¬ 
parisons  are  shown  in  averaged  form  on  Figure  4-3,  from  which  the  following 
trends  may  be  observed.  In  negligible  turbulence,  there  is  very  little  effect 
of  \<t/.4\ d  on  pilot  rating  for  any  of  the  roll  mode  time  constants  investigated. 
This  trend  is  to  be  expected,  since,  in  the  absence  of  turbulence,  the  pilot 
will  not  particularly  notice  \t/4ld  if  he  can  control  the  aircraft  well  and 
perform  coordinated  maneuvers;  only  when  the  controllability  degrades  and  side¬ 
slip  excursions  increase  will  the  higher  I Icj  (=  14)  become  evident.  In 
noticeable  turbulence,  however,  it  is  clear  that  pilot  rating  degrades  with 
increased  im*  .  This  degradation  follows  from  the  fact  that,  for  the  same 
roll  mode,  spiral  mode,  and  Dutch  roll  roots,  a  higher  value  of  |0/3|d  corresponds 
to  a  higher!^  and  hence  more  roll  excitation  from  lateral  gusts. 

The  results  from  this  experiment  indicate  that  \ft/^ld  =1.4  pre¬ 
cludes  a  satisfactory  aircraft  for  any  of  the  roll  mode  time  constants  inves¬ 
tigated  if  turbulence  is  present.  From  the  graphs,  a  maximum  value  of  \0//&ld  = 
0.8  would  provide  a  satisfactory  aircraft  if  the  roll  mode  were  satisfactory. 

This  value,  which  is  "low"  to  some  extent  for  conventional  aircraft,  may  be 
caused  by  the  lower  approach  velocity  investigated  in  this  experiment. 


4.4  EFFECTS  OF  TURBUJ.ENCE 

In  this  experiment,  attempts  were  made  to  fly  the  evaluations  in 
either  smooth  air  or  representative  levels  of  turbulence,  and  then  to  obtain 
a  measure  of  the  ambient  level  present  (Appendix  V).  Unfortunately,  the 
weather  conditions  prevalent  during  the  flight  phase  of  the  program  were  such 
that,  if  atmospheric  conditions  .ere  suitable  for  flying  evaluations,  the 
level  of  turbulence  was  generally  low;  hence,  only  about  20%  of  the  evaluations 
were  performed  in  noticeable  turbulence,  and  the  data  base  for  comparisons  is 
therefore  not  extensive.  The  evaluation  data  were  divided  into  the  two 
turbulence  categories  using  the  pilot  comments,  turbulence  effect  ratings, 
and  turbulence  measures  for  guidance.  This  division  should  not  be  construed 
as  an  indication  that  the  evaluations  were  performed  in  two  consistent  levels 
of  turbulence  (see  Appendix  I  for  details). 

To  the  extent  that  comparisons  may  be  made.  Figure  4  3  shows  the 
average  change  in  pilot  rating  between  noticeable  and  negligible  amounts  of  tur¬ 
bulence  for  the  three  roll  mode  time  constants  and  two  values  of  |0//6ld  inves¬ 
tigated  in  this  experiment.  It  can  be  seen  that,  in  general,  the  presence  or 
absence  of  turbulence  is  essentially  immaterial  to  he  piiot  rating  for  the  low 
\4ffi\d  (  =  0-4)  configurations,  although  some  degradation  is  apparent  at  the 
longest  roll  mode  time  constant.  For  the  high  \$j/!>\^  (  =  1.4)  configurations, 
however,  a  significant  degradation  (  a/  2  PR  units)  is  evident  in  noticeable 
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turbulence.  As  has  been  discussed  previously  (see  also  Appendix  V  and  the  time 
histories  in  Appendix  II),  the  high  cases  correspond  to  large  values  of 

L'a  and  a  ratio  of  Lfi/Nfe  >  1,  whereas  the  low  cases  have  smaller  values 

of  L\ 5  and  <  1,  In  the  high  cases,  then,  lateral  gust  inputs 

tend  to  upset  the  aircraft  primarily  in  roll,  which  is  disturbing  to  the  pilot 
in  that  it  deteriorates  his  control  of  bank  angle.  It  is  also  to  be  expected 
that  the  effect  of  turbulence  would  be  increasingly  degrading  to  pilot  rating 
as  roll  mode  damping  is  reduced,  as  the  control  problem  is  becoming  more  dif¬ 
ficult  in  this  casa. 

A  farther  point,  which  may  explain  the  trends  discussed  above,  is 
worth  noting.  For  a  given  value  of  ,  it  can  be  seen  from  the  time 

histrries  given  in  Appendix  II  that  the  magnitude  of  the  aircraft  responses 
to  a  lateral  gust  does  not  vary  greatly  as  the  roll  damping  is  reduced.  This 
characteristic  is  a  consequence  of  the  fact  that,  to  maintain  constant 

as  roll  damping  is  reduced,  the  value  of  must  be  reduced  as  L'^  is  reduced. 

As  a  result  of  this  characteristic,  the  increase  in  workload  due  to  turbulence 
is  a  function  primarily  of  and  is  essentially  independent  of  roll  mode 

damping  for  the  configurations  investigated  in  this  report. 

4.5  EFFECTS  OF  I L  Sts 

The  effect  of  yaw  due  to  aileron  (  /V^g/z/^  )  may  be  seen  by  com¬ 
paring  the  pilot  ratings  for  the  "adverse"  or  "proverse"  evaluations  tc  those 
for  the  "optimum"  evaluations  for  Configurations  1  through  5  (i.e.,  1-A  and 
1-P  with  1-0  etc.).  These  ratings  are  summarized  in  Figure  4-4  for  the  evalua¬ 
tions  in  negligible  turbulence.  Note  that,  in  some  cases,  additional  values  of 
AZj*g/Z/a*5  that  were  not  the  "nominal"  settings  were  investigated,  and  are 
marked  as  (  )f  .  As  is  discussed  in  Appendix  IV,  the  ratio  N's  „s  /  *-" 
affects  the  position  of  the  zeros  in  the  numerator  of  the  ti/Sas  transfer  func¬ 
tion.  The  position  of  these  zeros  relative  to  the  Dutch  roll  poles  provides 
a  measure  of  the  Dutch  roll  oscillation  that  will  appear  in  the  roll  response 
to  aileron.  Specifically,  in  the  proverse  case  the  roll  response  may  appear 
"quickened"  to  the  pilot,  and  the  final  response  becomes  unpredictable  and 
may  lead  to  a  PIO.  Conversely  foT  adverse  values  of  Nt \AS  ,  the  airplane  may 
appear  to  hesitate  after  the  control  input  is  applied.  The  importance  of  this 
flying  qualities  parameter  is  well  recognized  in  the  literature,  and  the  pri¬ 
mary  reasor  for  the  variations  included  in  this  experiment  was  to  provide  ad¬ 
ditional  data.  The  usual  trends  are  apparent  from  the  graphs.  Some  of  the 
large  variations  in  pilot  ratings  (cf.  3-A  and  4-P)  were  associated  with  the 
pilot's  extrapolation  to  the  landing  during  their  evaluations.  The  importance 
of  controlling  the  heading  of  the  aircraft  during  the  touchdown  is  crucial 
and  this  factor  was  emphasized  to  the  pilots  during  the  later  portions  of 
the  program.  An  aircraft  that  was  satisfactory  in  all  other  areas  could  de¬ 
grade  markedly  to  a  PR  >  6.5  in  this  control  task  when  large  values  of  adverse 
or  proverse  N § precluded  precise  heading  control.  Compare,  for  example, 
the  evaluations  of  4-P  by  Pilot  A  fF-67)  with  the  evaluations  of  the  same 
configuration  by  Pilot  B  (F-C4). 
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Figure  4-4 


-ADVERSE - PROVERSE  - 


EFFECT  OF  ON  PILOT  RATINGS  (NEGLIGIBLE  TURBULENCE) 


The  specific,  implications  of  these  data  in  terms  of  coa^arison  with 
existing  flying  qualities  criteria  will  be  presented  in  Section  VII  of  this 
report.  It  should  be  noted,  however,  that  the  value  of  ^Stis  1^'$**  denoted  as 
"optimum"  in  this  experiment  may  still  not  be  the  best  obtainable.  In  par¬ 
ticular,  the  values  chosen  for  Configurations  3-0  and  6-0  may  have  been  slightly 
toe  proverse,  as  the  pilot  comments  for  these  indicate  slightly  "ratchety"  and 
"swinging  around"  responses. 


4.6  LATERAL  CONTROL  SENSITIVITY  ( 

In  this  experiment,  the  lateral  control  sensitivity  was  selected  by 
the  evaluation  pilot  prior  to  each  evaluation.  As  is  shown  in  Appendix  VII, 
this  selection  is  made  by  electrically  varying  the  gearing  between  the  evalua¬ 
tion  pilot's  stick  position  and  that  of  the  basic  aircraft.  The  control  sen¬ 
sitivity  is  related  to  the  stick  force  sensitivity  through  the  spring 

gradient  of  the  force  feel  system,  which  was  constant  throughout  the  experi¬ 
ment  at  3  lbs/in.,  with  a  1/2  lb  breakout  force;  hence,  the  control  sensi¬ 
tivities  discussed  here  may  be  easily  converted  to  force  sensitivities  if  de¬ 
sired.  It  should  be  noted  that  the  mechanization  of  the  VSS  i?  such  that  the 
ratio  N remains  constant  as  the  lateral  gearing  is  changed. 

The  procedure  of  having  the  pilot  select  the  sensitivity  was  followed 
bectoae  the  available  evaluation  hours  precluded  the  inclusion  of  L'sAe  as  a 
controlled  variable  in  the  experiment.  It  is  well  known  that  a  general  rela¬ 
tionship  between  and  pilot  rating  exists  and  the  objective  of 

having  the  pilot  select  his  sensitivity  was  to  approach  the  ’Tsest" 
relationship,  thereby  eliminating  L  as  a  factor  in  the  pilot  rating. 

The  averaged  values  of  L'S/ts  .',nd  the  total  spread  of  selected  values 
for  the  six  "optimum"  configurations  with  (Oj  =  1.4  (Configurations  2-0  to  7-0) 
are  shown  in  Figure  4-5.  The  values  selected  for  Configuration  1-0  were  similar 
to  the  2-0  values  shown.  In  addition,  the  average  value  selected  in  each  case 
for  proverse  yaw-due-to-aileron  is  shown  as  an  0,  and  for  adverse  as  an  X. 

The  following  general  trends  are  evident: 

•  The  selected  L'$Ae  decreases  as  roll  mode  damping  is  decreased 
for  both  \flfi\j  cases. 

•  The  selected  at  a  given  2J?  is  generally  smaller  for 

the  higher  i^4$|j  than  the  lower  one. 

•  The  selected  for  large  proverse  A/^g  is  generally 

smaller  than  for  the  optimum;  for  large  adverse  , 

the  selected  is  generally  larger  than  for  the  optimum. 


Vv 
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•  The  spread  of  selected  values  of  at  a  given  roll  mode 

time  constant  is  generally  independent  of  the  value  of  the 
roll  mode  time  constant. 

•  The  selected  is  generally  independent  of  whether  or 

not  turbulence  is  present. 

The  pilot's  selection  of  .4/$-^  is  a  complex  process  and  involves  a 
trade-off  between  the  vapidity  of  the  initial  response  for  a  given  input 
magnitude  and  the  ability  cc  step  the  roll  response  in  a  predictable  fashion. 
Unfortunately,  the  rationale  behind  the  pilot's  selection  of  1/$.^  is  not 
obvious  from  the  results  shown  in  Figure  4-5. 


4.7  DIRECTIONAL  CONTROL  SENSITIVITY  (  N'$6?  } 

Hie  directional  control  sensitivity  was  also  selected  by  the  pilot 
prior  to  each  evaluation.  As  can  be  seen  from  the  data  summary  (Appendix  I), 
the  selected  values  were  essentially  independent  of  configuration,  and  the 
only  differences  were  between  pilots.  The  average  values  selected  were: 


Pilot 

2 

=  0.49  (rad/sec  )/in. 

Pilot  B: 

**Up 

=0.29  (rad/sec2) /in. 

Pilot  C: 

=  0.38  (rad/sec2) /in. 

The  mechanization  of  the  VSS  in  the  rudder  channels,  unlike  the  aileron 
stick  channel,  did  not  keep  the  ratio  ^Sgpl^Sep  constant  as  directional  con¬ 
trol  sensitivity  was  changed.  As  a  result,  the  values  of  L$pp  varied  somewhat 
for  each  pilot  as  follows: 


Pilot  A 
Pilot  B 
Pilot  C 


L-Sgp  ~  ^.0  (rad/sec2) /in. 
L.'$Rp  *  0.12  ( rad/ sec2) /in. 
Lc  .  r  0.06  (rad/sec2) /in. 


Analysis  of  the  pilot  ratings  and  (.oimnents  (Appendix  II)  indicates  that  these 
L'Sgp  variations  were  not  a  signif.  cant  factor  in  the  evaluations.  The  effects 
of  variations  in  L$ep  are  discussed  further  in  Appendix  IV. 
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4.8 


EFFECT  OF  TASK  CONDITION;  VFR  AND  I^R 


Any  effects  of  VFR  versus  IFR  flight  cart  be  seen  by  comparing  the 
VFR  and  overall  ratings  for  all  the  evaluations.  The  average  change  in  these 
ratings  is  negligible,  with  a  maximum  change  of  one  pilot  rating  unit  occurring 
infrequently.  Possibly  the  reason  for  this  agreement  is  that  the  VFR  task  was 
to  some  extent  a  precision  task  using  the  minor  landing  system  for  visual 
guidance  and  constrained  to  the  same  approach  path  as  the  IFR  task  with  a  sim¬ 
ilar  sidestep  maneuver 

| 

4.9  PILOT  VARIABILITY 

Figure  4-5  presents  each  pilot's  ratings  for  all  the  configurations 
with  “optimum"  with  the  individual  averages  and  spread  of  ratings. 

With  regard  to  intrapilot  variability,  insufficient  repeats  were  performed  by 
Pilot  B  to  evaluate  his  repeatability.  It  can  be  seen  that  the  repeatability 
of  Pilot  A  is  excellent  for  all  configurations  -  generally  within  one  PR  unit. 

The  intrapilot  variability  for  Pilot  C  is  quite  a  bit  larger  for  the  configura¬ 
tions  with  TeiO.75  CConfigurations  4-7),  and  his  comments  reflect  the  in¬ 
creasing  susceptibility  of  these  configurations  to  pilot  technique  and  external 
disturbances  on  a  day  to  day  basis.  With  regard  to  interpilot  variability, 
the  difference  between  the  averages  of  Pilot  A  and  Pilot  C  is  occasionally  as 
high  as  two  pilot  rating  units,  with  the  largest  differences  occurring  for 
Configurations  4-0  and  5-0;  Pilot  B  generally  gives  a  rating  in  between  these 
extremes.  It  is  felt  that  this  rather  large  interpilot  variability  for  these 
two  configurations  properly  reflects  the  marginally  satisfactory  nature  of  the 
configurations  with  TA=  0.75;  the  occasionally  long  lapses  between  repeat  eval¬ 
uations  that  were  dictated  by  operational  considerations  further  emphasized 
their  susceptibility  to  pilot  technique. 


4.10  DUTCH  ROLL  DAMPING  RATIO  AND  SPIRAL  MODE  TIME  CONSTANT 

Controlled  variations  in  Dutch  roll  damping  ratio  and  the  spiral  mode 
time  constant  were  not  made  in  this  experiment.  Instead,  these  parameters  were 
selected  at  "good"  values,  and  attempts  were  made  to  keep  their  variation 
minimal. 


The  nominal  value  of  Dutch  roll  damping  ratio  was  $ ]  =  0.20,  with 
variations  around  this  value  of  ±  0.04.  These  values  are  all  well  within  t'  »  j 

Level  1  boundary  of  MIL-F-83300  (Reference  1),  and  above  the  value  of  ^-=0.1 
giver-  in  Reference  7  as  the  value  at  which  pilot  rating  starts  degrading,  in 
general,  no  objections  were  made  by  the  pilots  to  the  Dutch  roll  damping,  and 
it  therefore  probably  did  not  degrade  any  of  the  ratings. 
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Figure  4-8  SUMMARY  OF  INDIVIDUAL  PILOT  RATINGS  FOR  "OPTIMUM"  CONFIGURATIONS 
UNLIMITED  LATERAL  CONTROL  POWER 


Rather  large  changes  in  spiral  stability  in  the  configurations  are 
evident,  with  the  most  unstable  value  being  -  -  26,  and  the  most  stable  Ts  = 

+  9;  the  unstable  root  corresponds  to  a  time  to  double  amplitude  of  18 
seconds,  while  the  time  to  half  amplitude  of  the  most  stable  root  is  ~  6  sec¬ 
onds.  These  values  both  fall  essentially  within  the  boundaries  for  satisfactory 
operation  given  in  Reference  10,  although  the  unstable  limit  is  given  there  as 
20  seconds.  It  is  felt  that  the  range  of  spiral  mode  characteristics  obtained 
during  this  experiment  do  not  compromise  the  pilot  ratings  for  a  task  which  re¬ 
quired  continuous  closed-loop  control,  and  the  total  lack  of  any  pilot  comments 
about  the  spiral  supports  this  conclusion. 


4.11  SUMMARY  REMARKS 

This  section  has  presented  the  averaged  pilot  ratings  obtained  as 
functions  of  the  modal  parameters  investigated  in  this  experiment.  In  this  con¬ 
cluding  subsection,  these  ratings  in  conjunction  with  typical  pilot  comments 
are  used  to  qualitatively  indicate  characteristics  not  explicitly  demonstrated 
by  the  pilot  rating  data. 

All  of  the  pilot  comment  data  are  given  in  Appendix  II.  For  the  pur¬ 
poses  of  this  discussion,  the  comments  for  the  "optimum"  cases  are  col¬ 

lected  in  "averaged"  form  below. 

•  Configuration  1-0  ( (Oj  =  .4,  ?e  =  .35,  d  =  1.4): 

Roll  control  okay.  Directional  control  major  problem.  Ten¬ 
dency  to  generate  large  sideslip  angles,  particularly  during 
sidestep  maneuver.  Requirement  for  pilot  to  hold  tight 
directional  loop  is  unsatisfactory.  Tendency  to  get  into  a 
directional  oscillation  and  for  bail  to  get  way  out. 

•  Configuration  2-0  (  (Od  =  1.4,  "4  s.35.  *  0.4) 

Very  good  roll  control.  Airplane  feels  very  stable.  Initial 
response  to  aileron  a  bit  heavy,  tut  final  response  very 
predictable.  No  directional  complaints,  no  problem  with  turn 
coordination.  Excellent  performance  on  both  the  ILS  and  side 
step  maneuver.  Airplane  seems  insensitive  to  turbulence. 

•  Configuration  3-0  (  cod  =  1.4,  %  =  .35,  ±  1.4): 

Roll  control  pretty  good.  Initial  response  perhaps  a 
little  heavy,  and  final  response  a  bit  unpredictable  since 
Dutch  roll  oscillation  gets  into  roll  response.  Aileron 
inputs  cause  nose  to  oscillate  -  nose  leads  turn.  Turn 
coordination  a  bit  of  a  problem,  but  works  okay  if  you 
leave  rudder  alone.  Only  real  complaint  is  directional 
oscillation  set  up  by  aileron  control.  Turbulence  stirs  up 
both  lateral  and  directional. 
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•  Configuration  4-0  (  Aty  =  1.4,  'tg  =  .75,  =  0.4): 

Roll  control  is  very  responsive.  Initial  response  okay,  quite 
snappy.  Final  response  quite  predictable  (Pilot  A), 
Predictability  of  final  response  somewhat  degraded,  tendency 
to  overshoot,  can  even  lead  to  small  PIO  IFR  (Pilots  B,  C; 

Pilot  A  on  one  evaluation).  Directional  control  and  turn 
coordination  good. 

•  Configuration  5-0  (  *  1.4,  %  =  .75,  \4>l/3\d  =  1.4): 

In  negligible  turbulence,  roll  control  is  pretty  good,  quite 
responsive  initially.  Final  response  has  tendency  to  overshoot, 
particularly  IFR.  In  noticeable  turbulence,  roll  control  is 
not  very  good:  airplane  is  roily,  and  response  seems  to  start 
out  slowly  and  then  accelerate  so  that  final  response  is  quite 
unpredictable  and  oscillatory,  with  Dutch  roll  influencing 
it  a  lot.  Directional  response  gets  stirred  up  a  little  with 
the  aileron,  but  ball  excursions  are  too  fast  to  do  much. 
Directional  control  generally  a  good  feature.  Turbulence 
upsets  the  airplane  in  roll  quite  dramatically. 

•  Configuration  6-0  (  =  1.4,  Tfc  =  1.45,  \<p/ 0\<i  =  0.4)  : 

Roll  control  not  good.  Initial  response  sluggish,  airplane 
then  takes  off  in  roll  and  is  very  unpredictable.  Noticeable 
tendency  to  oscillate  in  roll  and  even  PIO,  particularly  IFR. 
This  tendency  to  overcontrol  in  roll  is  most  objectionable 
feature  of  airplane.  Directional  response  fair;  tendency  for 
nose  to  hesitate  and  then  swing  around  rapidly.  Sidestep 
maneuver  marginal  au.  to  overcontrol  in  roll. 

•  Configuration  7-0  (  =  1.4,  Te  =  1.45,  \^//5lj  =  1.4): 

Roll  control  is  poor.  Initial  response  sluggish,  final 
response  very  unpredictable.  Airplane  is  extremely  roily, 
and  it  tends  to  get  away  from  you  in  roll.  Tendency  to 
overcontrol  is  even  more  noticeable  IFR.  Directional  control 
and  response  okay,  not  a  fa.ctor.  Airplane  stirred  up  in  roll 
quite  a  bit  by  turbulence.  Roll  control  is  major  objection  - 
it's  a  bit  ridiculous 

The  pilot  comments  as  summarized  above  may  be  used  to  "weight”,  to  some  degree, 
the  numerical  results  in  terms  of  pilot  rating.  This  weighting  is  desirable 
to  summarize  concisely  the  effect  of  the  modal  characteristics  on  the  flying 
qualities.  The  "interpreted"  effects  to  be  discussed  below  represent  the 
authors'  best  estimates  based  on  all  the  data  gathered  in  this  experiment; 
while  they  are  generally  confirmed  by  the  pilot  ratings,  nuances  indicated  by 
the  pilot  comments  have  been  used  to  further  separate  effects. 
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The  following  conclusions  are  drawn: 

o  For  the  =  0.4  cases  v;ith  =  1.4  rad/sec,  a  Tg  = 

0.4  sec  provides  a  good  airplane  (PR  =  2) ,  a  ^  =  0.9  sec 
provides  a  marginally  satisfactory  aixplane  (PR  =  3.5),  and  a 
Tit  -  1.5  sec  provides  a  marginally  adequate  airplane 
(PR  =  6.5).  These  results  are  essentially  independent  of 
turbulence  except  at  the  longest  time  constant  investigated 
at  which  some  degradation  is  possible  (—1  PR) . 

•  In  noticeable  turbulence,  none  of  the  roll  mode  time  constants 
provides  a  marginally  satisfactory  (PR  =  3.5)  airplane  for 

=  1.4.  The  marginally  adequate  (PR  =  6.5)  value  of 
roll  mode  time  constant  is  T*  =  1.1  sec.  A  maximum  \f//Q  for 
the  approach  conditions  of  this  experiment  (V  =  65  kts , 
y=  -7.5°)  to  allow  satisfactory  airplanes  in  turbulence 
appears  to  be  approximately  0.8. 

•  In  negligible  turbulence,  the  effect  on  pilot  rating  of  \4//3 
for  the  two  values  investigated  is  essentially  negligible 

for  all  three  roll  mode  time  constants  investigated.  The  pri¬ 
mary  effect  of  Id  is  in  the  degradation  of  the  flying 
qualities  with  increasing  turbulence  level. 

•  A  change  in  the  value  of  &V  from  =  1.4  rad/sec  to  =  0.4  rad/sec 
de gravies  the  flying  qualities  approximately  two  pilot  rating 
units  for  Tg  =0.35,  \<Plfi\d  =  1.4.  It  is  likely  that  a  similar 
degradation  would  occur  for  the  lower  1 4>!/&\d  =  0.4,  although 
this  change  was  not  investigated.  The  general  indication. is 
that  the  Dutch  roll  undamped  natural  frequency  should  be  >  1.0 
rad/sec  to  provide  satisfactory  flying  qualities,  although  the 
data  in  this  area  is  limited. 

•  The  "best"  control  sensitivity  decreases  with  decreasing 

roll  mode  damping  (increasing  Tg  ) .  For  a  given  ,  the 
best  control  sensitivity  increases  with  adverse  yaw-due- 
to-aileron  and  decreases  for  proverse  yaw-due-to-aileron. 


40 


Section  V 


EXPERIMENTAL  RESULTS  -  CONTROL  POWER  REQUIREMENTS 


This  section  is  concerned  with  the  second  objective  of  this  research 
program,  namely,  to  determine  the  control  power  requirements,  particularly  those 
in  roll,  and  how  these  requirements  change  with  various  lateral-directional 
parameters  for  STGL  aircraft  in  the  landing  approach.  For  each  evaluation  flown 
during  the  program,  the  lateral,  directional  and  longitudinal  control  power  used, 
as  opposed  to  that  available,  was  measured  when  the  control  authority  was  essen¬ 
tially  unlimited.  The  control  power  in  this  context  is  defined  as  the  maximum 
angular  acceleration  commanded  by  the  pilot  during  the  evaluation  tasks.  Con¬ 
figurations  2-0,  3-0,  4-0,  and  5-0  were  selected  for  study  with  systematic  re¬ 
ductions  in  the  lateral  control  power  available  below  the  values  used  with 
unlimited  authority.  As  was  discussed  in  Section  IV,  the  flying  qualities  of 
Configurations  1-0,  6-0,  and  7-0  were  marginally  adequate  at  best  and  were 
therefore  not  selected  for  lateral  control  power  variations. 

The  results  of  the  control  power  measurements  for  the  evaluations 
with  unlimited  authority  are  presented  first.  In  the  following  subsections, 
the  effects  on  the  lateral  control  power  used  of  configuration  dynamics,  the 
task  (i.e.,  ILS  tracking  versus  the  total  approach  including  the  sidestep  maneu¬ 
ver),  turbulence  and  wind,  and  pilot  technique  are  discussed.  The  results  of  the 
sub-experiment  with  lateral  control  power  limiting  are  then  presented  in  the 
form  of  pilot  rating  versus  maximum  lateral  control  power  used,  which  is  de¬ 
termined  by  the  electronic  limiter  setting.  From  these  plots,  the  minimum 
lateral  control  power  required  for  Level  1  (PR  =  3.5)  and  Level  2  (PR  =  6.5) 
flying  qualities  are  estimated  as  a  function  of  the  lateral-directional  char¬ 
acteristics. 


5.1  LATERAL  CONTROL  POWER  USED  (NO  LIMITING) 

The  maximum  lateral  control  powers  used  for  the  total  IFR  approach 
task,  which  encompasses  acquisition  and  tracking  of  the  localizer  and  glide  path 
plus  the  visual  side  step  and  level  off  tasks  are  presented  in  Figure  5-3  as 
a  function  of  roll  mode  time  constant  for  Configurations  2-0  through  7-0.  No 
significant  differences  were  noted  for  the  VFR  approaches  and  hence  they  are  not 
shown.  ^Shax  is  the  maximum  control  power  used  at  any  time  during  the  total 
approach  and  is  equal  to  ,  where  $#£ MAX  is  the  maximum 

lateral  control  deflection  used  during  the  approach.  No  attempt  was  made  to 
"cut"  the  tails  of  the  distribution  of  control  used,  since  the  maximum  control 
power  was  usually  determined  by  the  control  used  in  the  sidestep  maneuver. 
Eliminating  these  larger,  and  admittedly  infrequent  control  excursions,  would 
exclude  the  control  power  data  for  the  most  critical  task  in  the  total  ap¬ 
proach  (in  the  absence  of  crosswinds).  The  data  in  Figure  5-1  represent  the 
average  values  of  L* $HM  for  each  configuration  from  all  of  the  evaluations. 

In  addition,  the  spread  of  values  and  the  number  of  evaluations  used  in  the 
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average  are  shown.  A  complete  summary  of  all  the  Las  statistical  data  is 
given  in  Appendix  VI  as  well  as  selected  examples  of  the  L^s  probability  den¬ 
sity  function  (control  displacement)  and  power  spectral  density  (control  fre¬ 
quency).  Appendix  I  cont-iins  a  consists  summary  of  all  the  pertinent  data 
for  each  configuration.  Note  that  a  majority  of  the  data  necessary  for  the 
statistical  analyses  of  the  evaluations  done  by  Pilot  B  was  lost  through 
telemetry  difficulties. 

At  the  lower  value  of  [4/A\d  ,  in  negligible  turbulence,  there  is  a 
trend  toward  reduced  La$max  with  decreased  roll  damping  {T&  increasing).  This 
trend  seems  reasonable  since  equal  roll  rates  require  smaller  control  inputs  as 
increases.  The  reduction  in  L^g^ Ax  from  Configuration  2-0  to  Configuration 
6-0  is  not,  however,  in  the  same  ratio  as  the  increase  in  2^ ,  which  is  on  the 
order  of  a  factor  of  4.  inis  trend  of  reduced  not  ^  evident  at  the 

higher  value  of  \A/fi\g  ,  which  may  be  related  to  the  increased  roll  that  can  be 
generated  by  the  rudder  pedals  through  sideslipping  the  aircraft.  In  fact,  the 
primary  effect  of  shown  by  the  results  is  the  reduced  *ot  ^on- 

figuration  3-0  as  compared  to  2-0.  w 


In  noticeable  turbulence,  the  trends  with  2*  for  Configurations  2-0, 
4-0,  and  6-0  (\<HB Ij  =  0.4)  are  similar  to  the  results  in  no  turbulence  and 
there  is  therefore  no  significant  change  in  L'asMA)(  .  In  contrast,  the  values 
of  L‘asmAX  for  Configurations  3-0,  5-0,  and  7-0  (  I $/& Id  =  1-4)  in  noticeable 
turbulence  show  the  opposite  trend  with  variations  in?*  .  Although  the 
effects  of  turbulence  in  roll  are  essentially  constant  for  each  value  of 

for  all  the  T&  values  tested  (cf.  the  time  histories  in  Appendix  II), 
the  increased  control  power  required  with  increasing  2*  at  Ij  =  1.4  may 
reflect  the  pilot's  increased  difficulty  in  controlling  the  aircraft  in  turbu¬ 
lence.  The  AL 'asmax  due  to  turbulence  at  |  i>}$ld  =  1.4  is  not  consistent  but 
has  a  maximum  value  of  .15  rad/sec^  for  Configuration  7-0. 

Figure  5-2  presents  the  variations  of  l'as^ax  as  a  function  of  \&/fi\d 
for  all  configurations  in  negligible  tuibulence.  The  variations  are  minor  but 
do  indicate  a  trend  towards  reduced  values  of  k*SMA)f  with  increasing  J^//S\d. 
In  noticeable  turbulence,  the  trends  are  similar  for  =>0.35  seconds  but  op¬ 
posite  at  the  %=  1.45  seconds. 

/ 

The  variations  of  La $max  with  Dutch  roll  frequency  are  presented 
in  Figure  5-3  for  Configurations  1-0  and  3-0.  Again  the  variations  are  small, 
indicating  a  slight  reduction  in  l'a Smax  with  increasing  values  of  u)d  . 

The  following  general  conclusion  may  be  drawn  from  these  data: 

•  the  only  significant  correlation  of  l'as^^  with  configuration 
dynamics  occurs  at  \4>/fi\d  =  0.4,  where  L'as^ax  decreased 
with  increasing  values  of  TR  in  both  negligible  and  noticeable 
turbulence. 
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5.1.1 


Standard  Deviations  of 


Figure  5-4  shows  the  standard  deviation  of  for  each  optimum  Con¬ 
figuration,  1-0  through  7-0  for  Pilots  A  and  C.  These  data  are  an  example  of 
the  detailed  statistical  information  contained  in  Appendix  VI .  When  the  dis¬ 
tribution  is  normal,  which  is  essentially  the  case  for  all  the  evaluations  with¬ 
out  control  limiting,  the  standard  deviation  is  a  measure  of  probability  of  the 
stick  deflection,  and  therefore  falling  within  a  certain  range.  Specifically, 

there  is  approximately  a  63%  probability  that  l'm  will  be  within  the  standard 
deviation  value. 

The  plots  show  that  the  standard  deviation  for  Pilot  A  is  nearly  a 
constant  for  all  the  optimum  configurations  whereas  the  results  for  Pilot  C 
show  a  decreasing  trend  with  increasing  roll  mode  time  constant. 


5.1.2  l'/js  Required  for  the  Sidestep  Maneuver 

in  general,  the  measured  for  the  total  approach  was  greater 

than  that  measured  for  the  ILS  tracking  portion  of  the  approach  tasks.  The  dif¬ 
ference  (  )  was  largely  the  additional  control  power  required  to  perform  the 

gross  maneuvering  task,  which  was  the  sidestep  or  lateral  offset  maneuver  at  the 
end  of  each  approach.  The  difference  could  also  be  a  function  of  the  lateral 
control  power  required  to  trim  out  the  effects  of  a  steady  crosswind  which  will 
be  discussed  in  the  next  subsection.  Figure  5-5  shows  ihe  average  required 

to  perform  the  sidestep  maneuver  using  all  the  data  available  for  each  optimum 
configuration  in  negligible  turbulence.  Any  crosswind  effects  are  then  pa^t  of 
the  averaged  data.  The  data  show  a  constant  average  value  of  approximately 
0.1  rad/sec^  across  all  the  configurations,  although  the  variations  about  the 
average  are  quite  large. 

5.1.3  Effects  of  Turbulence  and  Wind 


Control  power  is  required  to  trim,  maneuver  and  suppress  external  dis¬ 
turbances.  The  lateral  control  power  required  to  maneuver  was  presented  in 
Figures  5-1,  5-2,  5-3,  and  5-5.  Estimation  of  the  ALas  due  to  turbulence 
is  very  difficult  since  the  pilot  may  not  necessarily  attempt  to  suppress  the 
turbulence  to  the  same  extent  for  all  configurations.  For  those  configurations 
with  degraded  flying  qualities,  such  as  Configurations  6-0  and  7-0,  the  pilot 
may  tend  to  "go  along  for  the  ride"  if  the  disturbances  are  bad  enough  and 
he  will  tend  to  use  little  extra  control  powei  since  attempts  to  control  the 
upsets  with  the  poor  roll  response  characteristics  make  matters  worse. 
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S.D.  IL'^j) 
(rad/Mc2) 


CONFIG.  NO. 


Figure  5-4 


VARIATION  OF  S.D.  OF  LAS  WITH  "OPTIMUM"  CONFIGURATIONS  FOR 
TOTAL  APPROACH  IN  NEGLIGIBLE  TURBULENCE  (PILOTS  A  AND  C) 
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CONFIG.  NO” 


Figure  5-5  AL'as  REQUIRED  FOR  SIDESTEP  MANEUVER  IN  NEGLIGIBLE  TURBULENCE 
("OPTIMUM"  CONFIGURATIONS) 


The  lateral  control  power  required  to  trim  out  the  effects  of  a  10 
knot  crosswind  during  a  sideslipping  or  "wing-down"  approach  to  touchdown  is 
shown  in  Figure  5-6.  Appendix  V  describes  the  details  of  this  calculation, 
for  LSeP  -  0,  which  is  generally  the  case  for  the  evaluations,  shoi  that  the 
L'k  required  is  simply  .  The  values  of  L'A  for  each  configuration  are 

given  in  Appendix  I.  For  aircraft  with  high  values  of  Uq  ,  such  as  Configura¬ 
tions  3-0  and  5-0,  the  control  power  requirements  in  crosswinds  can  be  the  cri¬ 
tical  factor. 


CONFIG.  NO. 


Figure  5-6  ROLL  CONTROL  POWER  REQUIRED  FOR  "WING-DOWN"  RUNWAY 
TRACKING  IN  10  KT  CROSSWIND 


In  this  experiment,  which  used  a  relatively  short  pseudo  runway  center- 
line,  the  pilots  often  did  not  have  enough  time  to  properly  evaluate  the  ef¬ 
fects  of  crosswinds,  ana  thus  the  measured  was  somewhat  less  than  ex¬ 

pected.  For  configurations  such  as  3-0  with  high  values  of  L #  ,  the  pilots 
never  achieved  a  perfect  sideslipping  approach  but  used  some  crab  angle  into 
wind  as  well.  In  this  case  a  crab  angle  of  only  3  degrees  from  the  centerline 
would  reduce  the  L*s  required  by  about  .25  rad/sec^.  In  fact,  it  is  doubtful 
that  pilots  can  judge  their  touchdown  angle  much  more  accurately  than  ±  3 
degrees  in  which  case  the  runway  tracking  task  performed  by  the  pilots  was 
realistic. 


5.1.4  Pilot  Technique 

Figure  5-7  presents  the  variation  in  MAX  between  Pilots  A  and  C 
for  the  ILS  tracking  portion  of  the  approach  task.  The  purpose  of  this  figure 
is  to  illustrate  typical  variations  in  lateral  control  power  usage  between 
pilots.  In  general,  Pilot  C  used  less  control  power  than  did  Pilot  A,  whose 
L*aMAX  was  essentially  constant  for  all  configurations.  The  difference  be¬ 
tween  the  pilots,  AL*s<>#AJt  ,  ranges  from  .01  to  .17  rad/sec^,  with  an  average 
value  of  approximately  .09  rad/sec  . 


5.2  DIRECTIONAL  CONTROL  POWER  USED 

The  average  values  of  maximum  rudder  control  power,  t^ep^A)(  ,  used 
for  the  total  approach  task  in  negligible  and  noticeable  turbulence  are  shown 
in  Figure  5-8  for  Configurations  2-G  through  7-0.  Considering  the  typical  mag¬ 
nitudes  of  Ngp  shown,  the  variations  with  Tg  and  I i d  do  not  appear  to  be 
significant.  As  might  be  expected,  there  is  an  increase  in  NepMA)(  in  turbu¬ 
lence  on  the  order  of  .05  rad/sec2.  Ngp  for  Configuration  1-0  was  not  sig¬ 
nificantly  different  than  for  3-0. 


5.3  LONGITUDINAL  CONTROL  POWER  USED 

The  average  longitudinal  v  ontrol  pr.:er,  ,  used  during  the 

total  approach  task  for  all  the  unlimited  configurations  was  essentially  con¬ 
stant  with  an  average  value  for  Pilot  A  of  0.21  rad/sec2  and  0.17  rad/sec^  for 
Pilot  C.  Some  increase  in  occurred  when  lateral  control  limiting 
degraded  the  lateral  control  capabilities.  In  these  cases,  which  will  be  dis¬ 
cussed  in  the  next  subsection,  the  average  was  0.28  rad/sec2  for  Pilot  A. 
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Figure  5-7  VARIATION  OF  L'AS  WITH  "OPTIMUM"  CONFIGURATIONS  FOR 


ILS  TRACKING  IN  NEGLIGIBLE  TURBULENCE  (PILOTS  A  AND  C) 
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Figure  5-8  EFFECT  OF  7  R  ON  N'rpmax  FOR  TOTAL  APPROACH 
(TURBULENCE  EFFECTS  SEPARATED) 


51 


5.4 


MINIMUM  LATERAL  CONTROL  POWER  REQUIREMENTS 


Configurations  2-0,  3-0,  4-0  and  5-0  were  evaluated  with  various 
levels  of  lateral  control  power  limiting.  As  described  in  more  detail  in 
Section  2.3.3  and  in  Appendix  VII,  the  l'/jS  was  systematically  limited  elec¬ 
tronically  to  values  less  than  the  pilot  used  in  the  unlimited  evaluations.  The 
objective  of  this  phase  of  the  program  was  to  determine  the  minimum  values  of  L^s 
required  for  Level  1  (PR  =  2.5)  and  Level  2  (PR  =  6.5)  flying  qualities  for  the 
STOL  landing  approach  task.  For  example,  measuring  the  L'/)$  used  for  an  aircraft 
with  a  pilot  rating  of  3.5  does  not  necessarily  indicate  what  minimum  Z.*s  could 
be  used  without  a  degradation  in  pilot  rating.  In  this  case  the  minimum  L^s 
would  be  the  value  for  which  the  pilot  rating  starts  to  degrade,  which  can  be 
found  by  plotting  the  control  power  used  versus  pilot  ratings,  as  L'fi6  is  sys¬ 
tematically  reduced. 


The  following  subsections  describe  the  method  of  limiting  the  lateral 
control  power,  the  criterion  used  for  selecting  the  values  of  !-'qS  used  to  cor¬ 
relate  with  pilot  rating,  the  results  of  this  sub-experiment,  and  a  summary  of 
the  resulting  minimum  control  power  requirements  for  Level  1  and  Level  2  flying 
qualities. 


5.4.1  Control  Power  Limiting  Technique 

The  electronic  limiting  was  mechanized  such  that  for  a  given  limiter 
the  L’as  available  was  fixed  regardless  of  the  selected  by  the  evaluation 

pilot.  For  each  configuration,  the  initial  evaluations  were  done  with  near 
maximum  control  limiting  (the  last  two  digits  of  the  configuration  identifier 
large  and  therefore  minimum  L'^  available)  and  then  the  subsequent  evaluations 
were  performed  with  progressively  less  limiting  until  the  value  of  L^s  was 
essentially  the  same  as  the  unlimited  evaluations. 

The  lateral  control  limiting  was  not  always  symmetrical  due  to  an 
electrical  offset  problem  in  the  evaluation  pilot's  lateral  feel  system  (see 
Appendix  VII  for  details).  It  should  be  noted,  however,  that  even  if  the  limiter 
was  perfect  and  provided  symmetrical  limiting  on  VSS  engagement,  subsequent 
lateral  stick/rudder  pedal  trimming  by  the  evaluation  pilot  for  any  reason  would 
produce  the  same  asymmetry  problem.  Sideslipping  approaches  in  steady  crosswind 
also  have  the  same  asymmetric  effect  or.  the  control  power  available. 


5.4-2  Selection  of  Limited  L'a g  Values 


A  major  problem  associated  with  those  evaluations  where  the  control 
limiting  was  not  symmetric  is  the  selection  of  the  value  with  which  to  cor¬ 

relate  the  pilot  rating.  As  background  to  this  discussion,  it  should  be  noted 
that  the  evaluation  pilot  never  complained  or  even  commented  on  any  asyirc  etry  in 
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his  lateral  control  response  (Appendix  II).  Consider  the  example  of  Configura¬ 
tion  2-0  limited  at  -95  (2-0-95).  As  shown  in  the  data  presented  in  Appendix  VI, 
when  the  effects  of  the  electrical  offset  are  accounted  for,  the  available 

ranges  from  -  .09  to  +  .35  rad/sec^.  Perfect  limiting  would  provide  ±  .23 
rad/sec^.  Use  of  the  maximum  L^$  (.35)  seems  out  of  the  question  since  the 
limiting  caused  the  PR  to  degrade  from  2.5  to  8  and  this  value  of  L'fi$  is  on  the 
order  of  the  values  used  in  unlimited  evaluations.  Correlation  of  PR  with  the 
minimum  value  (.09)  is  also  questionable  since  the  data  and  comments  do  not 
allow  extrapolation  to  the  case  where  symmetric  limiting  of  ±  .09  rad/sec^  existed. 
In  this  case,  simple  calculations  based  on  the  assumption  that  the  pilot's  inputs 
(after  the  limiter)  are  a  perfect  series  of  pulses  show  that  the  pilot  would 
spend  65%  of  the  time  on  the  .09  limit  and  35%  on  the  .35  limit.  A  "weighted" 
average  in  this  case  would  give  an  L of  about  .18  which  is  within  20%  of 
the  ideal  (symmetric)  value  of  ±  .23  rad/sec2.  Example  probability  density 
functions  are  given  in  Appendix  VI  for  the  limited  cases  of  Configuration  4, 
and  representative  degrees  of  asymmetry  may  be  seen  there. 

Based  on  these  considerations,  the  following  criterion  was  used  to 
select  the  Z.*s  for  those  evaluations  with  significant  asymmetry  in  the  L,'as 
available.  (These  cases  are  marked  with  an  asterisk  in  the  data  table  in  Sub¬ 
section  5.4.4.)  The  L'n  selected  is  the  average  control  power  used,  which  is 
the  ideal  limiter  value  for  the  cases  where  control  limiting  occurred  in  both 
directions.  In  the  previous  example  the  value  selected  was  ±  0.23  rad/sec2. 

In  effect,  this  approach  is  the  average  L'a$  and  represents  a  more  conservative, 
and  generally  more  accurate,  determination  of  the  minimum  control  power  required. 

5.4.3  Results  of  Control  Power  Limiting 


Figures  5-9,  5-10  and  5-11  present  the  results  of  the  control  power 
limiting  experiment  for  Configurations  2-0,  3-0,  4-0,  and  5-0.  The  magnitude 
of  the  crosswind  is  shown  with  each  data  point  along  with  the  value  of  the 
limiter  setting  which  completes  the  identifier  for  each  configuration.  Ideally, 
evaluations  should  have  been  performed  in  both  negligible  ar.d  noticeable  turbu¬ 
lence  but  the  constraints  of  the  flight  schedule  dictated  otherwise.  The  average 
pilot  rating  and  associated  Lfo  for  the  data  gathered  with  no  control  limiting 
from  Section  5.1  is  shown  on  each  figure.  The  average  pilot  rating  for  unlimited 
control  power  shown  on  the  plots  is  that  obtained  for  all  evaluations,  including 
those  for  which  no  statistical  data  was  available,  and  correspond  to  the  average 
ratings  discussed  in  Section  IV.  Attention  is  also  drawn  to  Configuration  4-0-80 
(Figure  5-10)  in  which  the  control  power  used  was  less  than  that  dictated  by  the 
limiter  in  both  directions,  and  hence  it  is  classified  as  an  "unlimited"  point. 


From  these  plots  the  values  of  L'q$  corresponding  to  the  Level  1 
(PR  =  3.5)  and  Level  2  (PR  =  6.5)  boundaries  were  determined  for  each  configura¬ 
tion.  The  results  for  Configurations  2-0,  3-0,  and  4-0  are  reasonably  well 
documented,  but  the  small  amount  of  data  available  for  Configuration  5-0  make 
it  difficult  to  properly  define  the  minimum  values,  particularly  the 

Level  2  value. 
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As  ndgfct  be  expected,  the  directional  control  usage  tended  to  in¬ 
crease  as  control  power  available  decreased  for  the  \4>/A\d  =1.4  cases,  as  the 
pilot  tended  to  use  the  high  roll  due  to  sideslip  to  perform  desired  maneuvers. 
This  trend  was  not  as  noticeable  for  the  =  0.4  cases.  It  is  also  worth 

noting  that  the  supporting  statistical  performance  data  for  those  evaluations 
performed  with  lateral  control  limiting  show  no  significant  degradation  with  in¬ 
creased  limiting  (see  Appendix  VI).  For  example,  the  bank  angle  excursions  and 
standard  deviations  are  essentially  the  same  as  for  the  evaluations  with  no 
limiting.  As  discussed  in  Section  VI,  these  performance  measures  generally  do 
not  correlate  well  with  pilot  rating. 

S.4.4  Summary 

Table  V-l  summarizes  the  y  values  for  PR  =  3.5  and  6.5  for  each 
configuration.  A  complete  summary  of  the  roll  control  power,  L*as  ,  used 
for  the  configurations  with  control  limiting  is  presented  in  Table  V-2. 

Also  shown  in  the  table  are  the  times  required  to  reach  30  degrees  of  bank 
angle*  ^0«jo  *  and  the  bank  angle  achieved  after  1.8  seconds,  (p18  ,  with  the 
L’AfS  values  used  for  each  evaluation. 

This  section  has  presented  the  experimental  results  for  the  lateral 
control  power  experiment  and  the  derived  minimum  values  of  L !A%  required  for 
PR  =  3.5  and  6.5  roll  performance.  In  Section  VII,  these  results  are  compared 
with  existing  roll  performance  criteria  such  as  in  MIL-F-87S5B  and  MIL-F-83300, 
and  modifications  to  the  criteria  are  discussed  where  applicable. 


TABLE  V-l 

MINIMUM  CONTROL  POWER  CRITERIA  FOR  PR  =  3.5  AND  6.5 


(T) 

(T) 

(T) 


CONFIGURATION 

NUMBER 

L-’tis 

2 

(rad/sec  ) 

PR  =  3.5 

PR  =  6.5 

2-0 

.44 

.31 

2-0 

.50 

.33 

3-0 

-- 

.25 

4-0 

.23 

.16 

5-0 

.33 

.25 

5-0 

— 

.33 

(T)  Noticeable  Turbulence 


CONFIGURATION 

NUMBER 


2- 

0-00 

1  1 

CM  CM 

0-85 

0-90 

PILOT 

PILOT 

RATING 

2 

~ rad/ sec 

Avg. 

2.5 

.51 

A 

2 

.47 

C 

6 

.34 

Avg. 

2.5 

.56 

A 

5 

.46 

A 

7 

.34 

A 

6 

.34 

A 

8 

.23 

Avg. 

5 

.46 

A 

5 

.46 

A 

4 

.34 

A 

5 

.34 

A 

7 

.23 

Avg. 

3 

.42 

A 

2 

.59 

A 

3 

.40 

A 

2.5 

.28 

A 

2.5 

.34 

A 

5 

.23 

A 

4.5 

.18 

A 

8 

.13 

Avg. 

3.5 

.43 

A 

4 

.30 

A 

8 

.23 

Avg. 

5.5 

.42 

A 

7.5 

.30 

*6  •80° 

-vsec 


*,8 

-v  deg 


2-0-00 

2-0-85 

2-0-90 

2-0-90 

2- 0-95 

3- 0-00 
3-0-85 
3-0-90 
3-0-90 

3- 0-95 

4- 0-00 
4-0-80 
4-0-85 
4-0-90 
4-0-90 
4-0-95 
4-0-97 

4- 0-99 

5- 0-00 
5-0-90 
5-0-95 

5-0-00 

5-0-92 


*  Limiting  Asymmetric  (Average  value  used 
(T)  Evaluated  in  Noticeable  Turbulence 
t  not  Limited 


see  Appendix  VI,  Volume  II) 


Section  VI 


EXPERIMENTAL  RESULTS  -  SUMARY  OF  STATISTICAL  MEASURES  OF  TASK  PERFORMANCE 


This  section  presents  a  summary  of  the  averaged  statistical  perfor¬ 
mance  data  for  the  configurations  evaluated  in  simulated  IFR  conditions.  These 
data  were  gathered  to  supplement  the  pilot  rating  data  discussed  in  Section  IV 
and  the  control  usage  data  discussed  in  Section  V  of  this  report.  The  statistical 
data  f^r  each  evaluation  and  a  more  complete  description  of  the  data  gathering 
process  are  given  in  Appendix  VI,  and  only  averaged  and  selected  typical  results 
will  be  discussed  here.  The  primary  emphasis  of  the  discussion  will  be  on  aver¬ 
aged  standard  deviations  of  the  selected  performance  measures,  as  the  standard 
deviations  provide  an  easily  obtained  indicator  that  has  been  used  in  other  ex¬ 
periments. 


6.1  ILS  TRACKING  PERFORMANCE 

Figure  6-1  parents  the  averaged  rms  localizer  and  glide  slope  ILS 
tracking  errors  for  all  the  evaluations  for  which  statistical  data  are  available 
(Appendix  VI).  In  general,  no  trends  with  configuration  are  evident  for  either 
of  these  performance  measures,  regardless  of  turbulence  level.  By  inference, 
then,  these  performance  measures  do  not  correlate  with  the  pilot  rating  data 
presented  in  Section  IV  -  that  is,  no  trends  of  ILS  tracking  performance  are 
evident  as  pilot  rating  degrades  or  improves.  In  other  words,  ILS  tracking 
performance  is  not  a  major  factor  in  the  complex  determination  of  the  pilot 
rating.  It  is  also  worth  noting  that  the  tracking  performance  for  a  given 
configuration  tends  to  improve  in  noticeable  turbulence  over  that  in  negligible 
turbulence.  This  trend  results  primarily  because  the  pilot  likely  flies 
tighter  loop  closures  in  the  presence  of  external  disturbances  than  in  their 
absence. 


This  general  lack  of  correlation  of  ILS  tracking  performance  with 
either  configuration  dynamics  or  pilot  rating,  and  the  generally  improved 
tracking  performance  for  most  configurations  in  the  presence  of  turbulence,  is 
an  important  factor  to  consider  when  performing  pilot  modelling  studies  or 
defining  flying  qualities  criteria  as  a  function  of  these  performance  indices. 
The  results  of  this  experiment  indicate  that  it  is  generally  fallacious  to 
assume  that  closed  loop  pilot-vehicle  ILS  tracking  performance  will  degrade  with 
degraded  flying  qualities,  and,  further,  that  these  performance  indices  should 
not  be  heavily  weighted  in  attempting  to  explain  or  predict  pilot  ratings. 


6.2  BANK  ANGLE  AND  LATERAL  ACCELERATION  TRACKING  PERFORMANCE 

Other  performance  indices  which  may  be  important  as  indicators  of 
pilot  rating  are  bank  angle  tracking  and  lateral  acceleration  errors.  It  is 
clt  ,r  that  the  capability  to  attain  a  desired  bank  angle  precisely  and  quickly 
is  very  important  to  pilot  rating,  as  was  discussed  in  Section  IV.  In  addition, 
lateral  accelerations  as  evidenced  by  ball  excursions  provide  an  indication  of 
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coordination  problems,  which  also  influence  pilot  rating  A  degree  of  correla¬ 
tion  between  the  tracking  errors  of  bank  angle  and/or  lateral  acceleration  and 
pilot  rating  or  configuration  dynamics  might  therefore  be  expected. 

Figure  6-2  presents  the  averaged  standard  deviations  of  bank  angle 
and  lateral  acceleration  for  the  configurations  evaluated  in  this  experiment.. 

In  negligible  turbulence,  bank  angle  tracking  appears  to  be  uncorrelated  with 
configuration  and  hence  dynamics,  with  the  possible  exception  of  Configuration 
2  (lower  ,  fastest  roll  mode,  higher  ) .  This  characteristic  implies 

that  the  pilot  varies  his  characteristics  (e.g.,  gain,  lead)  in  the  bank  angle 
loops  as  a  function  of  the  airplane  dynamics  to  maintain  essentially  the  same 
tracking  performance  if  no  external  disturbances  are  present.  In  the  presence 
of  turbulence,  there  is  some  evidence  of  a  degradation  in  bank  angle  tracking 
as  roll  mode  damping  is  reduced  for  both  values  of  investigated  in  this 

experiment.  As  is  discussed  in  Section  IV  and  can  be  seen  from  the  time  his¬ 
tories  presented  in  Appendix  II,  for  a  given  value  of  the  bank  angle 

and  roll  rate  response  magnitudes  are  essentially  independent  of  roll  mode  time 
constant,  so  that  the  increment  in  bank  angle  error  due  to  turbulence  should 
be  essentially  the  same  for  Configurations  3,  5,  and  7  at  one  value,  and  for 
2,  4,  and  6  at  a  different  value.  The  trend  of  decreasing  performance  with 
decreasing  roll  damping  in  turbulence  is  therefore  probably  attributable  to  the 
pilot's  difficulties  in  counteracting  these  disturbances  precisely.  In  any  case, 
relatively  few  data  exist  to  support  this  trend,  and  it  must  therefore  be  re¬ 
garded  as  only  qualitative. 

The  most  evident  characteristic  in  the  plots  of  lateral  acceleration 
standard  deviations  is  the  noticeably  larger  values  for  Configuration  1  in  both 
negligible  and  noticeable  turbulence.  This  configuration  had  a  Dutch  roll  fre¬ 
quency  approximately  one  third  that  of  the  other  six  configurations,  and  the 
higher  fly  deviations  are  evidence  of  the  correspondingly  higher  sideslips  that 
are  generated  due  to  the  poor  directional  stability.  No  particularly  significant 
trends  are  demonstrated  for  the  remaining  configurations.  A  slight  increase  in 
the  averages  is  noticeable  in  negligible  turbulence  as  the  roll  mode  damping  is 
reduced  (Configurations  2-»4-*-6,  3  -*>5-»7),  which  might  be  attributable  to 
increasing  sideslip  excursions  caused  by  the  degrading  lateral  control  pre¬ 
ciseness.  This  trend,  however,  is  quite  qualitative.  It  can  also  be  seen  that 
the  average  fly  excursions  are  larger  in  noticeable  turbulence  than  in  the 
negligible  case,  which  is  to  be  expected  since  n y  ^  Yp  +  ■  In  fact,  the 

average  difference  between  the  fly  standard  deviations  for  Configurations  2-7 
in  and  out  of  turbulence  is  approximately  0.26  ft/sec^,  which  corresponds  to 
a  =0.8  ft/sec  and  is  roughly  the  criterion  used  to  separate  the  flights 

according  to  turbulence  level  (Appendix  I). 

An  additional  interesting  point  concerns  the  average  maximum  bank 
angle  achieved  on  the  total  approach  (including  the  sidestep).  Although  the 
maximum  bank  angle  is  primarily  determined  by  the  sidestep  maneuver,  which  is 
essentially  the  same  for  all  evaluations,  it  might  be  expected  that  the  impre¬ 
cise  roll  control  for  the  configurations  with  low  roll  damping  (particularly 
6  and  7)  would  lead  to  larger  bank  angle  excursions.  Figure  6-3  shows  the 
averaged  maximum  bank  angle  excursions  for  all  the  configurations.  No  signif¬ 
icant  trend  is  evident  in  either  negligible  or  noticeable  turbulence;  the 
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maximum  bank  angle  used  is  approximately  20  degrees  for  ail  configurations. 

In  general t  the  standard  deviations  of  bank  angle  and  lateral  accel¬ 
eration  provide  only  tentative,  qualitative  correlation  with  the  configuration 
dynamics.  As  in  the  case  of  localizer  and  glide  slope  tracking  errors,  the 
pilot  generally  provides  compensation  to  achieve  if  possible  a  "standard”  level 
of  performance,  and  it  is  difficult  to  relate  measures  of  this  performance  to 
his  rating  of  the  aircraft. 
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Figure  6-3  MAXIMUM  BANK  ANGLE  FOR  TOTAL  APPROACH,  AVERAGE  OF 
ALL  PILOTS 


6.3  ROLL  AND  YAW  ACCELERATIONS  -  STANDARD  DEVIATIONS 

•  • 

The  roll  and  yaw  accelerations  p  and  r  are  proportional  to  the  total 
aerodynamic  moments  about  the  roll  and  yaw  axes,  respectively.  As  such,  they  rep¬ 
resent  the  sum  of  the  control  power  being  used,  the  turbulence  inputs  to  the 
aircraft,  and  the  restoring  moments  due  to  the  aircraft  motions;  in  a  general 
sense,  then,  trends  in  their  variations  might  reflect  the  pilot  rating  to  seme 
degree.  In  the  first  X-22A  experiment  (Reference  8),  some  small  trend  between 
pilot  rating,  pitch  acceleration  standard  deviation,  and  turbulence  level  ap¬ 
peared  to  exist  for  the  very  limited  amount  of  data  that  was  analyzed.  It#was 
therefore  considered  useful  to  examine  the  standard  deviations  of  p  and  *  in 
this  experiment  to  ascertain  if  evidence  of  a  similar  trend  existed. 

•  • 

Figure  6-4  presents  the  averaged  standard  deviations  of  p  and  ** 
for  the  configurations  investigated  in  this  report;  the  number  of  data  poi  its 
included  in  the  averages  are  the  same  as  for  Figures  6-1  through  6-3.  In 
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Figure  6-4 
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Figure  6-5  EFFECT  OF  MODAL  CHARACTERISTICS  AND  TURBULENCE  ON 
THE  STANDARD  DEVIATION  OF  p  IN  ILS  TRACKING  TASK 
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negligible  turbulence,  a  definite  trend  of  increasing  <Sp  with  configuration 
is  evident;  no  obvious  trend  in  noticeable  turbulence  is  discernible,  perhaps 
because  of  the  relatively  few  data  points  available.  A  similar  situation  occurs 
with  :  a  trend  toward  increasing  values  with  configuration  is  evident  in 
negligible  turbulence,  but  any  trends  in  noticeable  turbulence  are  compromised 
by  a  lack  of  data. 

Tc  better  indicate  if  trends  exist  with  configuration  dynamics.  Fig¬ 
ure  6-5  presents  the  averaged  as  a  function  of  ^  and  \^iMd  for  the 
"optimum"  cases,  and  includes  the  total  spread  of  standard  deviations.  It  is 
clear  that,  in  negligible  turbulence,  the  standard  deviation  of  roll  accelera¬ 
tion  increases  as  the  roll  damping  decreases  for  a  given  ,  and  further 

that  a  small  trend  toward  increasing  Op  with  increasing  | <Plfi\d  is  evident. 

The  results  in  noticeable  turbulence  should  be  regarded  as  inconclusive  due  to 
the  small  number  of  data  points  available.  The  trends  of  <Op  in  negligible  tur¬ 
bulence  may  be  compared  with  the  pilot  rating  data  (Section  IV,  Figure  4-2)  end 
the  control  usage  data  (Section  V,  Figure  5-1).  As  was  shown  in  Figure  4-2, 
in  negligible  turbulence  pilot  rating  remains  essentially  constant  out  to  = 
0.75  seconds  for  both  values  of  l4>/fild  ,  and  then  degrades  about  3  PR  units 
as  Tg  goes  to  1.45  seconds;  as  was  shown  in  Figure  5-1,  maximum  roll  control 
power  used  tends  to  decrease  as  is  increased,  particularly  for  low  \<J>//6\ej. 
Since  the  roll  control  power  being  used  is  tending  to  decrease,  it  is  likely 
that  some  of  the  increase  in  as  roll  damping  is  reduced  is  attributable  to 
the  degrading  precision  of  the  bank  angle  control,  which  is  reflected  in  the 
degrading  pilot  rating.  This  hypothesis,  however,  must  be  regarded  as  purely 
qualitative,  and,  in  fact,  does  not  imply  that  the  p  standard  deviation  can  be 
correlated  with  pilot  rating  as  has  been  suggested.  This  lack  of  correlation 
is  graphically  illustrated  in  Figure  6-6,  which  plots  pilot  rating  against  Op 
for  all  the  evaluations  of  the  "optimum"  configurations.  No  trends  of  any  sort 
are  evident  from  this  plot,  other  than  a  general  trend  toward  higher  Op  in 
turbulence. 

In  summary,  then,  there  does  appear  to  be  a  trend  toward  increasing 
Op  as  roll  mode  damping  is  reduced  and  as  increases.  The  values  of 

for  a  given  evaluation,  however,  do  not  provide  a  good  indicator  of  the 
pilot  rating  even  if  the  effects  of  turbulence  are  separated  out. 


6.4  POWER  SPECTRAL  DENSITY  OF  LATERAL  CONTROL  USAGE 

Although  not  a  measure  of  task  performance,  the  power  spectral  den¬ 
sities  of  lateral  control  usage  can  be  useful  indicators  of  pilot  control  tech¬ 
nique  and,  in  fact,  often  add  quantitative  verification  of  pilot  comments.  Sev¬ 
eral  representative  plots  are  given  and  discussed  in  Appendix  VI;  character¬ 
istics  pertinent  to  some  of  the  variables  investigated  in  this  experiment  are 
summarized  below. 


•  Pilot  control  activity  shifts  to  lower  frequencies  as  roll 
node  danping  is  reduced. 

•  Pilot  control  activity  also  shifts  to  lower  frequencies  as 
the  roll  control  authority  is  reduced.  This  characteristic 
is  clearly  a  result  of  the  pilot  applying  full  control  and 
waiting  for  the  airplane  to  respond  to  the  desired  bank 
angle. 

•  Configurations  which  exhibit  some  pro verse  yaw  due  to  aileron 
(specifically.  Configuration  3-0)  tend  to  show  increased 
stick  activity  at  the  Dutch  roll  frequency,  particularly  in 
turbulence.  This  characteristic  is  probably  due  to  the  pilot 
attempting  to  dAnp  out  the  oscillations  in  roll  at  the  Dutch 
roll  frequency  which  are  stirred  up  in  his  attempts  to  counter¬ 
act  the  turbulence  disturbances. 

A  more  detailed  discussion  of  these  characteristics  is  presented  in  Appendix  VI. 
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Figure  6-6  STANDARD  DEVIATION  OF  p,  PILOTS  A  AND  C,  ALL  OPTIMUM 
CONFIGURATIONS 


67 


6.5 


SUMMARY  REMARKS 


This  section  has  compared  selected  statistical  performance  measures 
with  configuration  dynamics  and  pilot  rating.  The  general  observations  which 
can  be  made  are  summarized  below: 

•  RMS  ILS  tracking  errors  do  net  correlate  with  either  pilot 
rating  or  configuration  dynamics,  and  do  not  provide  a  good 
indicator  of  flying  qualities. 

9>  In  negligible  turbulence,  bank  angle  standard  deviations 

do  not  correlate  with  pilot  rating  or  configuration  dynamics. 

In  noticeable  turbulence,  a  qualitative  trend  of  decreasing 
bank  angle  tracking  performance  with  decreasing  roll  damping 
is  noticeable. 

•  No  significant  trend  of  lateral  acceleration  standard 
deviation  with  configuration  dynamics  is  evident  for  a 

given  Dutch  roll  frequency.  The  lateral  acceleration  standard 
deviations  increase  for  =  0.4  as  compared  to  o£/=  1.4, 
which  is  a  result  of  the  degraded  control  of  sideslip. 

As  would  be  expected,  the  standard  deviations  of  lateral 
acceleration  increase  in  noticeable  turbulence. 

•  The  standard  deviation  of  roll  acceleration  increases  as 

roll  damping  decreases.  No  strong  correlation  of  any  accelera¬ 
tion  (translational  or  rotational)  with  pilot  rating  was  ob¬ 
served,  however. 


Section  VII 


COMPARISON  OF  RESULTS  WITH  FLYING  QUALITIES  REQUIREMENTS 


This  section  compares  the  flying  qualities  results  obtained  in  the 
experiment  with  applicable  flying  qualities  requirements,  principally  from 
MIL-F-83300  (Reference  1),  MIL-F-8785B(ASG)  (Reference  3),  and  Calspan's  most 
recently  recommended  revisions  to  MIL-F-8785B  (Reference  11).  The  comparison 
is  not  intended  to  be  all  inclusive,  but  rather  to  compare  selected  character¬ 
istics  specifically  investigated  in  this  experiment  with  the  existing  require¬ 
ments.  Appendix  I  provides  a  sufficiently  detailed  data  summary  to  enable 
further  comparisons  to  be  calculated  if  required. 

7.1  ROLL  MODE  TIME  CONSTANT 

The  requirements  on  roll  mode  time  constant  of  the  specifications  are 
summarized  below: 


MIL-F-83300  (Reference  1) 

Xe  -  1-4  seconds  for  Level  1 
Xe  ^  3.0  seconds  for  Level  2 

MIL-F-8785B  and  Recommended  Revision  (References  3  and  11] 
Carrier-based: 

Xe  <  1.0  seconds  for  Level  1 
2£<1.4  seconds  for  Level  2 
Land-based: 

Te  ^1.4  seconds  for  Level  1 
%«3.0  seconds  for  Level  2 


To  compare  the  results  of  this  experiment  with  these  requirements,  the  average 
ratings  of  Configurations  2-0,  4-0,  and  6=0  for  all  evaluations  will  be  used. 
Using  these  ratings  eliminates  the  degradation  caused  by  a  higher  \4>!fi\(\  in 
turbulence  (Configurations  3-0,  5-0,  7-0),  and  the  degradation  that  is  caused 
by  u)j<1A  rad/sec  (Configuration  1).  These  ratings  are  summarized  below: 


2-0: 

re  = 

.35  : 

PR  = 

2.5 

4-0: 

%t  = 

.75  : 

PR  = 

3 

6-0: 

re  = 

1.45  : 

PR  = 

6.0 

It  can  be  seen  that  neither  the  MIL-F-83300  requirements  nor  the  land-based  re¬ 
quirements  of  MII-F-8785B  and  the  proposed  revision  are  substantiated  by  the 
results  of  this  experiment.  As  was  discussed  in  Section  IV,  the  results  of 
this  experiment  indicate  that  the  roll  mode  time  constant  should  be  less  than 
on  the  order  of  .75  -  1.0  seconds  to  provide  satisfactory  (PR^3.5)  flying 
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qualities,  and  less  than  on  the  order  of  1.4  -  1.5  seconds  to  provide  adequate 
(PR*  6.5)  flying  qualities.  Of  the  specification  requirements  listed  above, 
only  the  carrier-based  criteria  of  8785B  (and  the  recommended  revision)  appear 
to  be  approximately  substantiated  by  the  results  of  this  experiment. 

The  more  stringent  requirements  on  roll  mode  time  constant  indicated 
by  this  experiment  may  be  a  result  of  the  approach  speed  chosen  as  typical  of 
STOL  aircraft  —  that  is,  65  kts.  For  a  perfectly  coordinated  turn  at  constant 
bank  angle,  the  yaw  rate  is  related  to  the  bank  angle  approximately  by: 


For  a  given  hank  angle,  then,  the  turning  rate  increases  as  the  velocity 
decreases,  and  it  is  worth  observing  that  the  pilots  on  this  program  noted  that 
the  aircra.  f  turned  quite  rapidly  for  a  given  bank  angle.  For  the  ILS  tracking 
and  subsequent  sidestep  maneuver  used  as  the  task  in  this  experiment,  it  there¬ 
fore  seems  reasonable  that  increased  precision  of  bank  angle  control  was  re¬ 
quired  to  properly  track  heading.  It  is  interesting  to  note  that  the  terminal 
operation  for  carrier-based  Class  II  aircraft  more  closely  approaches  the  re¬ 
quired  tracking  precision  investigated  in  this  experiment  than  perhaps  that  for 
land-based  aircraft,  and  that  the  specification  requirement  for  carrier-based 
aircraft  is  better  substantiated  by  this  experiment  than  that  given  in  83300 
or  in  8785B  for  land-based  aircraft. 

The  recommended  revision  to  8785B  includes  a  further  requirement  on 
roll  mode  time  constant  as  well,  aimed  at  improving  the  response  to  external 
disturbances  (i.e.,  turbulence).  This  requirement  is  shown  in  Figure  7-1,  with 
all  the  configurations  investigated  in  this  experiment  and  the  average  ratings 
in  noticeable  turbulence  plotted  against  it.  As  was  discussed  in  Section  IV, 
if  \4>t is  maintained  constant  as  7*  is  changed  for  essentially  constant 
Dutch  roll  frequency,  the  magnitude  of  the  aircraft  responses  to  a  lateral  gust 
is  essentially  dependent  only  on  \<t//S\(i  and  not  on  *a.  •  This  characteristic 
can  be  seen  directly  from  the  time  responses  given  in  Appendix  II,  and  it  can 
also  be  shown  by  computing  the  amplitude  disturbance  in  roll  and  yaw  at  the 
Dutch  roll  frequency  (Reference  12).  Figure  7-2  shows  these  amplitudes  for 
Configurations  1-0  through  7-0,  from  which  the  nearly  constant  roll  response 
at  a  given  and  io<j  can  be  seen.  Although  the  magnitude  of  the  response 

is  therefore  nearly  the  same  at  a  given  for  the  values  of  'Ze  inves¬ 

tigated  in  this  experiment,  pilot  rating  does  degrade  as  'Zr  increases  due  to 
increasing  difficulty  in  counteracting  the  disturbances  precisely;  in  addition, 
since  the  magnitude  of  the  responses  increases  as  increases,  the  re¬ 

quirements  for  more  precise  control  (more  roll  damping,  Tg  decreasing)  in¬ 
crease.  The  criteria  shown  in  Figure  7-1  are  an  attempt  to  quantify  these  re¬ 
quirements.  As  can  be  seen  from  the  figure,  the  results  of  this  experiment 
substantiate  the  trends  shown  by  the  criteria  but  indicate  that  they  may  be 
somewhat  too  lenient. 
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;  EVALUATION  CONFIGURATIONS  WITH  ROLL  MODE  TIME 
EXTERNAL  DISTURBANCES  REQUIREMENT  OF  RECOMMENDED 
IIL-F-8785B  (REF.  11),  NOTICEABLE  TURBULENCE 


7.2 


ROLL  CONTROL  EFFECTIVENESS 


The  roll  control  effectiveness  requirements  are  given  in  terms  of  time  to 
bank  to  a  given  angle,  and  are  summarized  below,  again  for  Class  IT,  Flight 
Phase  Category  C: 

•  MIL-F-83300  (Reference  1) 

Level  1:  time  to  bank  to  30°  <  1.8  seconds 

Level  2:  time  to  bank  to  30°  <  2.5  seconds 

•  MIL-F-8785B  and  Recommended  Revisions  (References  3  and  11) 

Land-based:  same  as  MIL-F-83300 
Carrier-based: 

Level  1:  time  to  bank  to  25°  ^  1.0  seconds 

Level  2:  time  to  bank  to  25°  <  1.5  seconds 

To  compare  the  control  usage  and  limiting  data  gathered  in  this  experiment  with 
these  requirements,  two  alternatives  are  available.  First,  the  control 
effectiveness  required  to  meet  these  requirements  can  be  computed  for  each 
configuration  and  then  compared  against  the  directly  measured  control  usage. 
Secondly,  the  times  to  bank  to  the  appropriate  angle  may  be  calculated  for 
each  control  usage  measured  and  compared  directly  to  the  requirements.  In  the 
interests  of  consistency  with  Section  V  and  the  data  summarized  in  Appendix  I, 
the  first  comparisons  to  be  made  will  be  between  the  actual  control  powers 
required  and  those  used.  Table  VII-1  below  list;,  the  control  powers  necessary 
to  meet  the  t.ime-to-bank  criteria  for  the  seven  configurations  with  the 
"optimum"  values  of  Ns  /  L'S/fs  investigated  in  this  experiment.  Note  that 
an  ideal  step  input  was  used  to  generate  the  data  in  Table  VII-1.  The  roll 
effectiveness  requirements  in  MIL-F-83300  and  MIL-F-9785B  are  somewhat  vague 
on  the  type  of  input  that  should  be  used  to  demonstrate  compliance.  In  the 
backup  document  for  MIL-F-83300  a  suggested  rapid  roll  input  consists  of  a 
0.1  sec  time  delay  and  a  0.3  sec  ramp.  While  such  an  input  could  have  been 
used  to  generate  the  data  in  Table  VII-1  the  perfect  step  was  felt  to  be  the 
best  choice  for  this  discussion  since  the  data  generated  is  then  the  most 
conservative  fi.e.  smallest  control  power  required)  and  seems  to  satisfy  the 
intent  of  both  specifications. 
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TABLE  VI I -1 


MINIMUM  ROLL  CONTROL  POWER  REQUIRED  TO  MEET  SPECIFICATION  REQUIREMENTS,  RAD/SEC2 


W=  1.8  (LI) 

2.5  (L2) 

l.S  (L2) 

1-0 

.95 

.61 

1.71 

.97 

2-0 

00 

00 

.59 

1.65 

.93 

3-0 

.76 

.50 

1.65 

.84 

4-0 

.58 

.36 

1.06 

.62 

5-0 

.46 

.27 

1.01 

.55 

6-0 

.39 

.22 

.97 

.46 

7-0 

.35 

.20 

.86 

.39 

Figure  7-3  shows  the  minimum  Level  1  control  powers  resulting  from 
these  requirements  as  tabulated  hove  plotted  against  the  maximum  roll  control 
power  actually  used  on  all  of  the  evaluations  (see  Section  V,  Figures  5-1  and 
5-3).  The  data  for  configurations  1,  2,  and  3,  indicate  lower  control  powers 
required  for  satisfactory  flying  qualities  (PR  3.5)  than  the  83300  and  8785B 
requirements,  while  the  data  for  configurations  4-7  approximately  substantiate 
them. 

As  was  described  in  Section  V,  the  effects  on  pilot  rating  of  re¬ 
ducing  the  available  roll  control  power  were  investigated  in  this  experiment 
by  electrically  limiting  the  roll  command  signal  from  the  evaluation  pilot's 
lateral  control  stick.  The  resulting  approximate  PR  =  7.5  and  PR  =  6.5  mini¬ 
mum  control  powers  were  shown  on  Figures  5-9  through  5- 11;  these  control 
powers  are  repeated  on  Figure  7-4  and  plotted  against  the  computed  values  to 
reach  (j>  =  30°  in  1.8  seconds  and  2.5  seconds,  which  are  the  83300  and  8785B 
requirements  for  land-based  aircraft.  The  minimum  control  powers  for  PR  =  3.5 
and  PR  =  6.5  determined  in  this  experiment  are,  in  general,  significantly  lower 
than  those  required  in  the  specifications,  but  the  discrepancy  decreases  as  roll 
mode  time  constant  increases  (c  .ipare  Configurations  2  to  4  and  3  to  5) .  The 
implications  of  these  control  powers  on  times  to  reach  a  given  bank  angle  will 
be  discussed  shortly. 

S 

Before  discussing  control  power  in  terms  of  time  to  bank,  however, 
it  is  worth  noting  the  implications  on  control  power  required  of  a  "require¬ 
ment”  to  be  able  to  perform  a  "conventional"  wing-down  (zero  crab  angle)  landing 
in  a  crosswind.  Shown  on  Figure  7-4  are  the  control  powers  required  for  zero- 
crab  runway  tracking  in  a  10  kt  crosswind  for  each  of  the  configurations  (from 
Figure  5-6,  development  of  approximation  given  in  Appendix  V).  For  the 
\tja  Id  =  o.4  cases  (Configurations  2  and  4) ,  the  crosswind  requirement  is 
less  than  the  minimum  control  powers  shown  by  the  results  of  this  experiment, 
but  for  |  $ / &  I  d  =  1.4  (Configurations  3  and  5)  the  10  kt  crosswind  require¬ 
ment  is  higher  ar.d,  in  fact,  is  approximately  equal  to  the  requirements  of 
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83300  and  87858*.  The  results  of  this  experiment  do  not  specifically  include 
this  additional  requirement  on  roll  control  pow^r. 

The  experimentally  determined  minimum  roll  control  powers  shown  on 
Figure  7-4  ;an  be  converted  to  a  requirement  to  achieve  a  lower  hank  angle  in 
the  same  time  as  given  in  83300  and  8785B,  or  different  times  to  reach  the 
same  bank  angles.  Both  of  these  calculations  are  presented  in  Table  VII-2 
below  using  a  step  input.  As  noted  in  iiIL-F-83300,  requirements  stated  in 
terms  of  the  time  required  to  achieve  a  given  bank  angle  (fy)  are  less  sensitive 
to  input  characteristics  than  are  the  0t  requirements. 

TABLE  VII-2 


EXPERIMENTALLY  DETERMINED  MINIMUM  CONTROL  POWERS 


As  can  be  seen  from  the  table,  the  results  of  this  experiment,  disregarding  Con¬ 
figuration  5  due  to  the  small  amount  of  data  and  weighting  the  other  results  in 
noticeable  turbulence  more  heavily,  suggest  either:  (1)  that  the  minimum  times 
to  reach  0-  30°  be  increased  to  approximately  3.1  seconds  for  Level  1  and  4.8 
seconds  for  Level  2,  or  (2)  that  the  minimum  bank  angle  achievable  in  1.8  seconds 
(Level  1)  or  2.5  seconds  (Level  2)  should  be  approximately  17°.  It  is  worth 
noting  that  this  latter  statement  of  the  criteria  agrees  well  with  the  results 
obtained  in  Reference  7,  as  is  discussed  in  Reference  11.  Again,  it  must  be  em¬ 
phasized  that  these  results  do  not  adequately  include  the  requirement  on  zero- 
crab  tracking  in  crosswinds . 

*  It  is  worth  noting  that  833C0  and  8785B  imply  an  additional  requirement  to 
perform  essentially  zero-crab  landings  in  30  kt  crosswinds  (87853)  or  approxi¬ 
mately  27  kt  crosswinds  for  an  approach  velocity  of  65  kts  (83300).  This 
crosswind  value  is  three  times  the  required  values  shown  in  Figures  5-6  and 
7-3:  in  the  =  1.4  cases,  it  is  obvious  that  the  time-to-bank-3P° 

requirements  will  be  insufficient  to  guarantee  this  capability,  and,  in  fact, 
the  crosswind  capability  determines  the  roll  control  power  required.  Control 
power  requirements  as  determined  by  this  experiment  or  that  of  Reference  7 
do  net  apply  to  such  an  additional  specification. 
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7.3 


ROLL  RATE  OSCILLATIONS 


Figures  7-5  through  7-7  present  the  computed  roll  rate  oscillation 
characteristics  for  all  of  the  evaluation  configurations  plotted  against  the 
appropriate  criteria  from  MIL-F-83300,  MIL-F-8785B,  and  the  recommended  revi¬ 
sion  to  8735B.  There  are  two  primary  reasons  for  including  these  figures: 

(1)  to  provide  additional  data  for  the  requirements,  particularly  with  regard 
to  the  proverst  and  adverse  configurations  investigated  in  this  experiment, 
and  (2)  to  verify  if  possible  that  the  "optimum"  configurations  met.  the 
Level  1  requirements  to  avoid  a  "combination  of  bads"  in  the  investigation  of 
roll  mode  time  constant  and  control  power  limiting.  With  regard  to  the  first 
reason,  it  is  apparent  that  three  of  the  five  adverse  configurations,  in  spite 
of  Level  2  (PR  3.5)  ratings,  fall  within  the  Level  1  boundaries  (Configura¬ 
tions  2-A,  4-A,  5-A) .  It  appears  that  the  specifications  are  not  substantiated 
in  the  "adverse"  direction  for  the  configurations  investigated  in  this  experi¬ 
ment.  The  values  of  the  ^  /Sas  numerator  zeros  (in  body  axes)  investigated 
are  shown  in  Appendix  I  for  further  correlation  work. 


7.4  DUTCH  ROLL  UNDAMPED  NATURAL  FREQUENCY  AND  DAMPING  RATIO 

The  Dutch  roll  frequency  requirements  are  summarized  below  for  Class  II 
aircraft  in  Flight  Phase  Category  C  (terminal  area  operations) : 

•  MIL-F-83300  (Reference  1) 

>  0.25  rad/sec  for  Level  1 
0.25  <  <0.5  rad/sec:  0  for  Level  1 

cod  >  0.5  rad/sec:  J.08  for  Level  1 

•  MIL-F-8785B  (Reference  3) 

Carrier-based:  a^>1.0  rad/sec,  &  ^  0.08  or  ^4^  >0.15 

for  Level  1 

Land-based:  &.</>0.4  rad/sec,  ^/SO.OS  or  tdty  2s  0.15 

for  Level  1 

•  MIL-F-8785B  Recommc  ided  Revision  (Reference  11) 

Carrier-based:  rad/sec,  ^y>0.08  or  0.15 

for  Level  1 

Land-based:  Cc^  >0.5  rad/sec,  £.2  0.08  or  -^LJ/gO.lO 

for  Level  1 

To  compare  the  results  of  tnis  experiment  with  these  requirements,  the 
average  ratings  of  Configurations  1-0  and  3-0  in  negligible  turbulence  may  be 
used;  they  are : 


i 

i 


I 

1 


I 
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EVALUATION  CONFIGURATIONS  WITH  0osc/<&av 
F  MIL-F-83300  (REFERENCE  1),  NEG.  TURBULENCE 


1-0:  (Od  £-  0.4  rad/sec,  £,  =  0.20  :  PR  =  5.5  (Level  2) 

3-0:  *  1.4  rad/sec,  £  =  0.20  :  PR  =  3.5  (Level  1) 

The  results  of  this  experiment  demonstrate  Level  2  characteristics  (PR  3.5) 
for  a  natural  frequency  of  0.4  rad/sec^,  which  is  well  above  the  minimum 
0.25  rad/sec^  of  the  83300  requirement.  Comparison  of  the  data  with  the  land- 
based  requirement  of  MIL-F-8785B  is  difficult,  as  of  1-0  does  not  meet 

the  total  damping  requirement  and  the  degradation  in  pilot  rating 

may  be  caused  by  this  fact.  In  general,  this  experiment  tends  to  indicate 
that  the  carrier-based  (II-C)  criteria  of  both  8785B  and  the  recommended 
revision  are  the  most  appropriate  requirements  for  STOL  terminal  area  opera¬ 
tions.  As  was  discussed  in  Section  IV  of  this  report,  it  appears  that  at 
least  £  1.0  rad/sec  is  required  to  achieve  satisfactory  flying  qualities, 
given  the  scatter  of  the  data. 

7.5  SIDESLIP  EXCURSIONS 

Figures  7-8  through  7-10  present  the  computed  sideslip  excursion  char¬ 
acteristics  of  the  evaluation  configurations  plotted  against  the  appropriate 
specification  criteria.  Again,  all  the  data  are  plotted  both  to  add  substan¬ 
tiating  data  for  the  requirements  and  to  verify  if  possible  that  the  optimum 
cases  meet  the  Level  1  requirements.  Referring  to  the  pilot  comments  (Section 
IV,  Appendix  II),  it  is  clear  that  the  only  configurations  which  specifically 
presented  problems  in  controlling  sideslips  were  the  variations  in  Configura¬ 
tion  1  (i.e.,  1-A,  1-0,  1-P) ,  and  this  fact  should  be  reflected  in  the  place¬ 
ment  of  these  configurations  on  the  requirement  grids.  It  can  be  seen  that 
the  83300  and  8785B  requirements  do  not  separate  out  Configurations  1-A,  1-P 
and  1-0  as  they  probably  should.  The  data  seem  to  substantiate  best  the  pro¬ 
posed  revision  to  8785B  (Figure  7-10).  In  general,  the  sideslip  excursion  char¬ 
acteristics  of  the  remaining  "optimum"  configurations  can  be  seen  to  be  within 
the  Level  1  boundary  of  all  of  the  specifications. 


7.6  SUMMARY  REMARKS 

This  section  has  presented  comparisons  of  the  results  obtained  in 
this  experiment  with  the  military  specifications  for  conventional  and  STOL 
piloted  airplanes.  At  this  point,  it  is  worth  summarizing  and  qualifying  if 
necessary  the  most  pertinent  conclusions. 

*  The  results  cf  this  experiment  indicate  that  shorter  roll 

mode  time  constants  are  necessary  for  satisfactory  (PR^=3.5) 
and  adequate  (PR£6.5)  flying  qualities  than  are  given  by  the 
requirements  of  MIL-F-83300  and  MIL-F-8785B  (Class  II-L)  for 
the  approach  conditions  investigated  (V  =  65  k  ,  '<  =  -6.5  deg). 
The  values  of  roll  mode  time  constant  required  as  determined 
by  this  experiment  may  be  slightly  influenced  by  generally 
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proverse  yaw-due-to-aileron,  bu^  any  such  influence  appears 
to  be  minor  and  does  not  compromise  the  results .  The  values 
for  satisfactory  and  adequate  roll  mode  time  constant  found 
in  this  experiment  tend  to  corroborate  the  Class  II-C  require¬ 
ments  may  be  more  appropriate  for  STOL  aircraft. 

•  The  trend  of  the  proposed  requirement  on  roll  mode  time 
constant  for  external  disturbances  in  the  recommended 
revision  to  8785B  (Reference  11)  appears  substantiated  by 
the  results  of  this  experiment,  although  the  values  of 
roll  mode  time  constant  appear  to  be  too  lenient  to  apply 
to  STOL  aircraft  as  presently  formulated. 

•  The  roll  control  power  requirements  of  MIL-F-83300  and 
MIL-F-8785?  were  not  substantiated  by  the  results  of 

this  experiment.  This  experiment  (assuming  a  perfect  step 
input)  suggests  that  the  bank  angle  achievable  in  1.8  seconds 
could  be  =  20  degrees  for  Level  1  instead  of  =  30  degrees  or 
the  time  required  to  achieve  a  bank  angle  of  30  degrees 
increased  to  3.1  secs.  This  conclusion,  however,  must  be 
qualified  for  two  reasons : 

(1)  For  the  high  j<£//6ld  cases,  particularly  with  high  roll 
damping  and  correspondingly  high  values  of  L/J  ,  the 
limiting  factor  on  roll  control  power  is  likely  to  be  a 
requirement  to  achieve  zero-crab  tracking  in  a  sizeable 
crosswind.  This  capability  was  not  adequately  investigated 
in  this  experiment  nor  specifically  demonstrated  in 
Reference  7. 

(2)  The  values  used  for  the  amount  of  roll  control  power 
available  in  the  evaluations  with  electrical  roll  control 
limiting  are  based  on  symmetric  limiting  around  a  zero 
mean.  For  cases  with  large  asymmetries,  either  through 
mechanization  difficulties  or  through  non-zero  sideslip 
trim  by  the  pilot,  one  could  choose  to  correlate  pilot 
rating  with  the  smaller  amount  available.  Such  a 
correlation  would  provide  even  smaller  control  power 
requirements  than  those  presented  in  this  section 

and  Section  V:  however,  the  average  values  used  in 
this  report  are  felt  to  be  more  accurate,  and  certainly 
provide  more  conservative  estimates. 

•  The  results  of  this  experiment,  indicate  a  higher  value 

of  minimum  Dutch  roll  frequency  for  satisfactory  (PR6  3.5) 
flying  qualities  than  that  given  by  the  MIL-F-83300  minimum 
requirement . 
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REQUIREMENT  OF  MIL-F-8785B  (REF.  3),  NEG.  TUR3ULENCE 


COMPARISON  OF  EVALUATION  CONFIGURATION  WITH  PROPOSED 
REVISION  OF  MIL-F-8785B  SIDESLIP  REQUIREMENT  (REF.11), 

NEG.  TURBULENCE 


Section  VIII 


CONCLUSIONS 


The  experiment  described  in  this  report  was  performed  using  the  X-22A 
variable  stability  V/STOL  aircraft,  which  is  capable  of  reproducing  a  wide  range 
of  aircraft  dynamic  characteristics.  The  results  are  therefore  largely  indepen¬ 
dent  of  the  actual  aircraft  employed,  and  are  restricted  only  by  the  task  and 
flight  conditions  considered  and  the  range  of  dynamics  and  aircraft  parameters 
realized  in  the  experiment. 

Based  on  the  results  of  this  experiment,  the  effects  of  the  aircraft 
and  performance  variables  investigated  on  the  lateral-directional  flying  qual¬ 
ities  for  STOL  approach  may  be  summarized  as  follows: 


•  Modal  Characteristics 


1.  For  the  approach  velocity  considered  in  this  experiment 

(  i  65  kts),  roll  mode  time  constaits  greater  than  1 £  =  0.9 
sec  result  in  unsatisfactory  flying  qualities 
(PR  >  3.5),  and  greater  than  Te  =  1.5  sec  result  in 
inadequate  (unacceptable)  flying  qualities  (PR  >6.5). 

These  characteristics  may  be  partially  attributable  to: 

(1)  the  low  approach  velocity  and  correspondingly 
increased  bank  angle  control  precision  required  to  aid 
the  heading  tracking,  and  (2)  the  task  considered, 
which  included  a  lateral  sidestep  and  line  up  maneuver 
at  the  end  of  the  glide  slope  tracking. 

2.  A  Dutch  roll  undamped  natural  frequency  of  =  0.4  rad/sec 
with  &  =  0.2  results  in  unsatisfactory  flying  qualities 
(PR  >  3.5)  for  STOL  landing  approach.  The  degradation  in 
pilot  rating  at  this  frequency  compared  to  ^  1.4  rad/sec 
is  primarily  attributable  to  poor  control  of  sideslip. 

3.  For  the  characteristics  investigated,  when  a is 
approximately  constant  (A/£  =  constant  for  the  mech¬ 
anization  used)  the  magnitude  of  the  response  of  the 
aircraft  to  lateral  turbulence  is  roughly  a  function  of 

l0//3|d  only. 

4.  In  negligible  turbulence,  no  significant  effect  of  \4>/fi ld 
on  flying  qualities  is  evident  for  the  two  values 
investigated. 

5.  At  the  lower  \<t>/&\d  investigated  =  0.4), 

the  effect  of  turbulence  on  pilot  rating  was  not 
significant,  although  some  degradation  at  ^  =  1.45 
was  evident. 
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6.  Noticeable  turbulence  degrades  pilot  rating  (  A  PR  =  2) 

for  configurations  with  =  1.4.  This  value  of 

precludes  a  satisfactory  configuration  in  tur¬ 
bulence  for  even  the  shortest  roll  mode  time  constant 
investigated. 

7.  The  results  indicate  that  the  maximum  allowable 

to  obtain  satisfactory  flying  qualities  (PR  £  3.5)  in 
turbulence  is  approximately  =  0.8. 

8.  rilot  rating  degraded  less  with  proverse  for 

\<blfi\i  *  0.4  than  for  =  1.4.  The  degradation  due 

to  adverse  N was  approximately  the  same  for  both 
values  of  | . 

•  Control  Power  Used 


1.  The  effects  of  roll  mode  time  constant  on  maximum 

lateral  control  power  used  (  )  were  most  apparent 

at  the  lower  1 investigated  (  \6/fl\d  =  0.4)  where 

used  decreased  as  Tg  increased  in  both  negligible 
and  noticeable  turbulence. 

2.  No  significant  effect  of  on  maximum  lateral 

control  power  used  was  evident. 

3.  No  significant  effect  of  roll  mode  time  constant 

or  \6//3\d  on  maximum  directional  control  power  used 
(  N'gj}  )  was  observed. 

4.  By  limiting  electrically  the  maximum  lateral  control 
power  used,  it  was  found  that  a  satisfactory  level  of 
control  power  (PR  =  3.5)  provided  ~  17  degrees  of  bank 
angle  in  1.8  seconds  and  an  adequate  level  of  control 
power  (PR  =  6.5)  provided  "17  degrees  of  bank  angle 
in  2.5  seconds.  These  values  are  based  on  perfect  step 
inputs  and  would  be  somewhat  relaxed  for  less  abrupt 
inputs.  Roll  control  effectiveness  requirements  are 
dependent  on  the  input  used  and  any  specifications 
should  clearly  define  the  applicable  input  shape.  For 
aircraft  with  high  roll  due  to  sideslip  (L/3),  additional 
roll  cont-'-'l  power  may  be  required  to  perform  a  zero- 
crab  rur.  alignment  in  a  crosswind. 
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Statistical  Performance  Measures 


1.  ILS  tracking  errors  (rms)  were  independent  cf  both  con¬ 
figuration  dynamics  and  pilot  rating,  and  were  essen¬ 
tially  constant  for  all  evaluations. 

2.  The  standard  deviation  of  bank  angle  tracking  showed  a 
qualitative  trend  toward  increasing  deviations  with 
increasing  roll  mode  time  constant  in  noticeable  tur¬ 
bulence.  No  trends  in  negligible  turbulence  with  either 

or  \4>/fi\&  were  evident. 

3.  For  a  given  value  of  0)4 ,  no  significant  trends  of  lateral 
acceleration  standard  deviation  with  either  or  l<^//3lj 
were  evident.  An  increase  in  these  statistics  was  apparent 
for  cOj  =  0.4  rad/sec  as  compared  to  ay  =  1.4  rad/sec, 
which  is  attributable  to  the  decreased  precision  of 
sideslip  control  for  this  configuration. 

4.  The  standard  deviation  of  roll  acceleration  tends  to 
increase  as  roll  damping  decreases  (roll  mode  time 
constant  increases). 

•  Comparison  with  Military  Specifications 

1.  For  the  flight  conditions  investigated,  shorter  roll 
mode  time  constants  are  required  for  satisfactory  and 
adequate  flying  qualities  than  are  given  by  the  MIL-F-8785B 
(Class  II-L)  and  MU -F-83300  Level  1  and  Level  2  require¬ 
ments.  The  MIL-F-8785B  requirements  for  carrier-based 
Class  II-C  aircraft  are  more  appropriate  for  STOL  aircraft. 

2.  A  higher  Dutch  roll  undamped  natural  frequency  is 
necessary  for  satisfactory  flying  qualities  than  is 
given  by  the  applicable  MIL-F-83300  requirement. 

3.  The  roll  control  power  requirements  of  MIL-F-8785B 
and  MIL-F-83300  are  higher  than  the  values  determined 
by  electrically  limiting  the  roll  control  power  in 
this  experiment.  F01  cases  with  high  I4  ,  however, 
the  sizing  factor  on  roll  control  power  will  be  the 
allowable  maximum  crosswind. 

4.  MIL-F-8785B  and  MIL-F-83300  requirements  on  roll  control 
effectiveness  should  define  the  applicable  type  of 

roll  control  input  for  compliance  calculations. 
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Section  IX 


RECOMMENDATIONS 


On  the  basis  of  the  results  obtained  in  this  experiment  and  of  the 
areas  of  difficulty  that  were  uncovered,  the  following  recommendations  are 
pertinent  to  future  investigations  of  STOL  lateral-directional  flying  qualities 
and  control  power  requirements  in  the  landing  approach: 

1.  Further  work  is  necessary  to  investigate  in  more  detail 
the  apparent  requirement  for  shorter  roll  mode  time 
constants  as  approach  speed  is  reduced.  A  study  of  tnis 
interplay  for  approach  speeds  from  approximately  40  to 
100  kt  would  be  useful. 

2.  A  limited  quantity  of  data  were  gathered  in  turbulence 
during  this  experiment,  and  therefore  conclusions  regarding 
its  effect  were  only  qualitative.  Further  studies  of  the 
effects  of  turbulence  related  to  roll  mode  time  constant, 
dihedral  effect,  and  roll-due-to-sideslip  are  desirable. 

3.  An  interesting  ancillary  observation  that  can  be  made  from 
the  results  of  this  experiment  is  that  a  somewhat  lower 
glid°  slope  angle  (-7.5  deg)  was  necessary  to  perform  the 
task  with  degraded  lateral-directional  flying  qualities 
than  was  used  in  an  earlier  study  on  longitudinal  flying 
qualities  (Reference  8).  There  is  clearly  an  interaction 
between  the  maximum  practical  STOL  glide  slope  and  the 
combination  of  all  the  aircraft  flying  qualities  in 
conjunction  with  performance  limitations  such  as  buffet 
boundaries.  Further  investigations  of  these  interactions 
to  define  maximum  practical  glide  slopes  for  STOL  landing 
approaches  are  therefore  desirable. 
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Appendix  I 


COMPLETE  DATA  SUMMARY 


The  appendices  to  this  report  present  a  summary  of  all  the  data  rele¬ 
vant  to  the  technical  discussion  contained  in  Volume  t  Appendices  II-VIII 
present  in  detail  the  following  information: 


Appendix  II:  A  complete  documentation  of  the  pilot  ratings 

and  comments,  and  representative  time  histories 
for  all  configurations  evaluated. 


Appendix  III:  A  documentation  of  the  digital  identification 

procedure  used  to  obtain  the  stability  and  control 
parameters  of  the  simulated  airplanes. 

Appendix  IV:  A  development  and  documentation  of  the  appropriate 

lateral-directional  transfer  function  characteristics. 


Appendix  V:  A  development  and  documentation  of  the  theoretical 

and  practical  procedures  followed  in  attempting 
to  measure  the  wind/turbulence  environment  during 
the  evaluations . 


Appendix  VI:  A  documentation  of  all  of  the  statistical  analyr.es 

performed  on  the  data  and  a  complete  summary  of 
the  resulting  statistical  indices. 

Appendix  VII:  A  discussion  of  the  X-22A  aircraft,  its  variable 

stability  system,  and  the  mechanization  of  the 
evaluation  configurations. 


Appendix  VIII:  A  description  of  the  digital  data  acquisition 

system  used  on  X-22A  experiments. 


This  appendix  summarizes  the  most  pertinent  data  from  the  other  appendices  for 
ready  reference. 


Table  1-1  is  the  master  summary,  by  configuration,  for  all  the  eval¬ 
uations  conducted.  The  criterion  used  to  distinguish  evaluations  performed 
in  negligible  turbulence  from  those  flown  in  noticeable  turbulence  was  a  com¬ 
bination  of  the  pilot  comment  and  turbulence  effect  rating  data  and  the  esti¬ 
mated  longitudinal  gust  intensity  listed  under  (see  Appendix  V).  In  general, 
evaluations  with 2.0  ft/sec  were  considered  to  be  performed  in  negligible 
turbulence  while  those  with  >  2.0  were  classified  as  noticeable.  For  smooth 
air  conditions , (Tu,  was  approximately  1.4  ft/sec  which  represents  the  "noise" 
level  of  the  u-LORAS.  Where  the  pilot  turbulence  effect  rating  and  comments 
conflicted  with  the  <SU  estimate,  the  classification  was  weighted  in  favor  of 
the  pilot  comments. 
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Table  1-1 

SUMMARY  OF  EVALUATIONS 


CONFIG. 

NO 

FLT 

NO 

STAT 

OATA 

PILOT 

_ 

PILOT  &  TURB 
RATING 

<J  u 

h/MC 

WIND/HEADWIND 

kt 

CROSS 

WIND 

kt 

51  DESTEP 

L  6 

VAS 

-  ] 

B 

l«MAX 

^  pp 

MAX 

1  0-00 

F  67 

- 

A 

60 

6D 

- 

6,2,/04 

— 

05L 

L 

0.40 

0.49 

- ^ 

00 

004 

- 

- 

F  68 

- 

A 

6C 

60 

- 

6l2l/06 

0 

L 

0.44 

0.49 

0.0 

0.04 

_ 

- 

F  70 

y 

A 

4A 

“ 

IS 

1C/03 

09L 

L 

0.50 

0.33 

0.10 

0.05 

122 

0.46 

0  1C 

F-77 

V 

8E 

80 

18 

20,2,/17 

10R 

L 

040 

0.49 

0.0 

0.04 

111 

065 

0  IB 

F-80 

y 

A 

BE 

85E 

- 

10I2I/04 

09R 

R 

0.47 

0.49 

0.0 

0.04 

122 

043 

0  17 

F82 

- 

B 

6A 

6A 

8/01 

06R 

R 

040 

0  29 

0.12 

004 

- 

- 

- 

F88 

✓ 

c 

5B 

7  A 

7/01 

07  R 

L 

0  47 

0.38 

0.06 

0.04 

115 

0S3 

0  12 

F  90 

y 

c 

55D 

6C 

1.7 

.3,2'/0 

13R 

R 

0.50 

0  21 

0.17 

005 

.16 

0  46 

0  09 

r 

1-A-00 

B 

68 

78 

18 

9/0 

09L 

L 

0.59 

0.49 

0.0 

0.0 

118 

0S9 

0.14 

6C 

6C 

1.7 

10l2l/09 

05  R 

R 

0.41 

0.38 

006 

0.0 

.08 

0.40 

0  10 

1  POO 

F  60 

y 

A 

6A 

7A 

1.3 

4/03 

03  L 

L 

0.40 

0.47 

0.0 

0.11 

115 

oso 

0.12 

F  62 

- 

B 

6A 

7* 

7/64 

05L 

l 

036 

0  49 

0.0 

0.10 

123 

- 

1 

i  iV'oo 

F  66 

y 

A 

7A 

7A 

4/03 

03R 

R 

0.35 

0.49 

0.0 

-  - 

0  16 

102 

042 

0.12 

20-00 

F  62 

- 

B 

2A 

2C 

9,2l/-#4 

08  L 

L 

0.40 

0.38 

0  06 

0.02 

- 

- 

F69 

- 

A 

3B 

38 

- 

3/0 

03R 

R 

055 

049 

0.0 

0.03 

- 

- 

052 

F  70 

- 

A 

2 -5  A 

3A 

- 

15/02 

15L 

>■ 

0.51 

0.49 

00 

0.03 

- 

0  46 

1 

F72 

y 

A 

4B 

1  M 

2.5 

1SI2'/15 

021 

L 

0.51 

049 

0.0 

0.03 

117 

060 

0.12 

F73 

y 

A 

2C 

4C 

2.5 

l?l2,/17 

05R 

L 

041 

049 

0.0 

0.02 

120 

0.45 

0.15 

F  78 

✓ 

A 

3B 

3B 

2.6 

18I2I/16 

09R 

L 

048 

049 

0.0 

003 

119 

0.65 

0  15 

F82 

- 

B 

3A 

3A 

- 

8/03 

08  R 

L 

0.41 

0.33 

009 

0.02 

- 

- 

- 

1 

F68 

y 

c 

2A 

2A 

1.9 

7/02 

07  R 

t- 

0.51 

0.38 

0.06 

003 

120 

044 

0  04 

F90 

y 

C 

2.5A 

I  2.5A 

- 

13/0 

13R 

R 

0.56 

0.49 

00 

0.03 

..2 

0.60 

0.11 

'  2^95 

F7, 

y 

A 

BC 

8C 

- 

1SI2'/!S 

0 

056 

049 

0.0 

0.03 

118 

0.23 

0.20 

-85 

F77 

y 

A 

5C 

5C 

2.0 

15,2,/.3 

07R 

L 

0.56 

0.49 

0  0 

003 

,14 

046 

0  17 

;  * 

F  77 

y 

A 

7C 

1  7C 

15l2Vl3 

07  R 

L 

0.41 

0.49 

0.0 

0.02 

.,2 

0.34 

0  20 

i 

-85 

F  80 

y 

A 

25B 

28 

20 

12/06 

10R 

R 

0.51 

0.49 

0.0 

0.03 

1.4 

046 

0  12 

90 

F  80 

- 

A 

5C 

6C 

10(2)/05 

9R 

R 

0.56 

0.49 

0.0 

0.03 

- 

0.34 

i  90 

F-88 

- 

C 

6A 

6A 

20 

7/02 

06R 

L 

0.56 

0.49 

3.0 

0.03 

.15 

0.34 

- 

2A-00 

F  64 

y 

B 

7C 

7C 

- 

10I2I/10 

0 

R 

0.47 

0  49 

0.0 

-0.06 

103 

0.4413' 

0  20 

! 

F  76 

y 

A 

4A 

i  48 

1  B 

10/08 

05  R 

L 

0.47 

0  49 

0.0 

-0.08 

121 

0S3 

0  18 

i 

F  91 

y 

C 

7A 

7A 

1.7 

15.-15 

0 

R 

047 

0.35 

0.06 

•0.06 

100 

0.50 

0  78 

r  2  P  00 

F61 

- 

A 

3A 

4B 

1.8 

9/0 

04L 

L 

0.48 

0.49 

0.0 

0.17 

117 

- 

y 

B 

6B 

_ 5 _ 

17 

8/06 

0 

L 

0.34 

0.38 

0.06 

0.12 

113 

033 _ 

0.07 

✓  STATISTICAL  DATA  OBTAINED 
111  NOTE  N' f  DIFFERENT 
^  AS 

>21  NOTICEABLE  TURBULENCE 
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Table  1-1  (CONT.) 
SUMMARY  OF  EVALUATIONS 


Table  1-1  (CONT.) 
SUMMARY  OF  EVALUATIONS 


CONFIG. 

NO. 

FLT. 

NO. 

STAT. 

DATA 

PILOT 

F1L0T  4  TURB 
RATING 

<f  a 
ft/wc 

QINO/HEAO  WIND 
lit 

SIDESTEP 

L'*as 

% 

D 

asmax 

n'rp 

"'max 

VFR 

BH22S3 

4-A-CO 

F41 

- 

Bl 

7B 

78 

1.9 

8/06 

06L 

0.61 

0.49 

n 

-0.15 

n 

0.46 

- 

F43 

- 

K9 

58 

58 

- 

8/-0B 

0 

060 

0.36 

-0.13 

B 

- 

- 

4+40 

F40 

V 

B 

3A 

4A 

16 

4/03 

a 

| 

067 

OJi 

066 

067 

120 

0.2* 

0.14 

F4C 

✓ 

B 

3A 

3A 

16 

4/01 

Bl 

069 

0.36 

0.17 

113 

0.33 

0.18 

F47 

✓ 

2B 

28 

1.7 

7121/* 

■9 

0.46 

M 

0.11 

117 

0.41 

0.14 

F44 

- 

n 

7A 

7A 

- 

10/03 

D 

H 

m 

0.21 

0.17 

0.11 

- 

- 

- 

5-0-00 

F47 

- 

A 

6E 

s 

- 

5,2l/05 

0 

L 

0.40 

048 

0.0 

0.03 

- 

043 

- 

F-71 

- 

A 

40 

460 

14 

10l21rt> 

10L 

L 

0.33 

0.49 

0.0 

0.03 

119 

045 

- 

F-73 

- 

A 

6E 

6E 

2.4 

21,2>/2, 

03R 

L 

0.33 

0.49 

0.0 

0.03 

126 

036 

- 

F-75 

✓ 

A 

2A 

3A 

1.4 

8/01 

08L 

L 

0.40 

0.49 

0.0 

120 

053 

0.12 

F-78 

A 

7A 

2.58 

16 

10/09 

03L 

L 

0.40 

0.49 

0.0 

125 

050 

0.17 

F-79 

✓ 

A 

38 

38 

- 

10/01 

10R 

R 

0.34 

0.49 

0.0 

113 

0.43 

0  22 

F45 

✓ 

B 

4A 

4A 

- 

18/16 

09R 

L 

0.40 

0.17 

0.19 

121 

053 

0.09 

F46 

- 

8 

6A 

5A 

- 

18/16 

09R 

L 

0  40 

0.49 

0.0 

- 

- 

- 

- 

8 

5A 

5A 

22 

15/15 

02R 

L 

0.43 

0.17 

0.19 

120 

- 

- 

m 

✓ 

C 

4A 

5A 

16 

6/04 

0 

L 

0.33 

049 

0.0 

113 

0.36 

0.06 

F4f 

y 

C 

48 

38 

- 

16/15 

05R 

L 

0.33 

1 

0.06 

0.03 

116 

0  40 

0.15 

F40 

✓ 

8 

25C 

268 

- 

11/02 

HR 

R 

0.42 

0.06 

0.03 

116 

0.39 

0.14 

F41 

V 

C 

48 

68 

,7 

15/0 

15R 

R 

0.33 

0.06 

0.03 

113 

0.39 

0.17 

5-040 

F-79 

■ 

38 

48 

- 

El 

0.40 

0.49 

wm 

0.03 

118 

0.30 

0.13 

46 

F-79 

1 

6C 

BE 

_ 

050 

049 

0.04 

116 

073 

0.17 

42 

F40 

1 

70 

76E 

22 

0.44 

049 

n 

0.04 

116 

0.30 

0J1 

5-A-00 

FOB 

■ 

B 

7C 

8C 

- 

2/0 

03R 

061 

-0.16 

119 

058 

OJI 

64-00 

F49 

B 

50 

60 

1.7 

7l2l/02 

0 

■9 

0.31 

ra 

0.10 

121 

0.40 

0J0 

6000 

F-67 

* 

40 

50 

- 

8I2V« 

0 

L 

0.36 

049 

0.0 

0.11 

118 

0.31 

0J2 

F-70 

y 

A 

5A 

6A 

2.1 

15/03 

16L 

L 

0.30 

049 

0.0 

0.06 

123 

052 

0.16 

F-77 

y 

A 

6F 

BE 

1.7 

t5IJ,/13 

07L 

L 

0.25 

0.49 

0.0 

0.07 

112 

048 

OJI 

F44 

- 

8 

6A 

6A 

1.6 

6/03 

06L 

L 

0.36 

0.29 

0.12 

0.11 

119 

- 

- 

F45 

y 

8 

4A 

5A 

2.1 

14/14 

0 

L 

0.35 

0.21 

0.17 

0.11 

117 

043 

0.16 

FOB 

Y 

C 

4 5* 

4.5A 

- 

7/02 

06R 

L 

0.36 

0.49 

0.0 

0.11 

127 

0.30 

0.07 

F49 

✓ 

C 

48 

43 

1.9 

18/16 

06R 

L 

0.29 

0.3b 

0.06 

0.06 

116 

0.38 

0.14 

F-90 

✓ 

C 

68 

8C 

- 

wa'm 

12R 

R 

0.3F 

0  49 

0.0 

0.11 

115 

041 

0.09 

F41 

✓ 

C 

7A 

76A 

1.7 

15/0 

15R 

R 

0.27 

0.36 

0.08 

0.06 

117 

0.27 

0.12 

7000 

F-71 

D 

E 

8C 

8D 

1.6 

10,2l/-<* 

09L 

L 

0.25 

0.49 

0.0 

0  05 

118 

0.36 

F-77 

H 

7D 

7E 

1.7 

15l21/13 

06L 

L 

0.37 

049 

00 

0.06 

110 

055 

F49 

D 

u 

5C 

6C 

2.2 

16/15 

OSR 

L 

0.31 

0.36 

0.06 

0.06 

113 

0.44 
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AS 
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Table  1-2  presents  the  stability  derivatives  in  aircraft  body  axes 
for  the  seven  base  configurations  of  the  experiment.  Details  of  the  identifica¬ 
tion  technique  can  be  found  in  Appendix  III.  This  identification  was  carried 
out  in  level  flight  at  65  kts  for  which  the  trim  attitude  and  angle  of  attack 
conditions  were 

=  -  5  deg 

In  the  descent  (  'i  -  -  7.5  deg)  the  nominal  attitude  and  angle  of  attack  con¬ 
ditions  were 

&o  =  -  6  deg 
G0  =  -  13.5  deg 

The  effect  of  a  one  degree  difference  in  trim  angle  of  attack  was 
shown  to  cause  no  appreciable  difference  in  the  modal  characteristics  from 
level  flight  to  the  descent  condition.  In  addition,  power  setting  differences 
from  level  flight  to  descent  make  negligible  differences  in  stability  and  con¬ 
trol  derivatives.  The  effects  on  the  calculated  stability  derivatives  of  the 
slightly  higher  approach  velocities  (  u.aue.  =  68  kts)  is  also  not  significant. 

Table  1-3  summarizes  the  pole-zero  characteristics  in  the  <t>/Sa  trans¬ 
fer  function  for  the  seven  base  configurations  together  with  the  zero  locations 
for  the  proverse  and  adverse  yaw-due-to-aileron  variations.  These  character¬ 
istics  are  also  presented  in  the  s-plane  plot  of  Figure  1-1. 


TABLE  1-2 

PRIMED  DIMENSIONAL  STABILITY  DERIVATIVES 
REFERENCED  TO  BODY  AXES  OF  EVALUATION  CONFIGURATIONS 

g/V  =  .291 

Yfi/V0  =  -  .33  (1/sec) 

+  =  "  -ISO  (1) 

=  -  -985  C1) 

_ _  0q  =  =  -  5° _ 


Config. 

L'0  2 
(l/sec^) 

/ 

(l/sec) 

Lf 

(l/sec) 

Nfi 

(l/sec2) 

/ 

Nr 

(l/sec) 

A 

(l/sec) 

1 

-1.55 

0.158 

-2.57 

-0.0605 

-0.080 

-0.0808 

2 

-1.59 

0.442 

-2.40 

1.86 

-0.425 

0.0061 

3 

-4.87 

0.249 

-2.81 

1.81 

-0.578 

0.133 

4 

-0.72 

0.277 

-1.24 

2.38 

-0.414 

C.205 

5 

-2.80 

0.692 

-0.989 

1.89 

-0.400 

0.276 

6 

-0.796 

0.232 

-0.474 

2.09 

-0.393 

0.044 

7 

-2.05 

0.70 

-0.35 

1.80 

-0.70 

-0.0124 
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TABLE  1-3 


NUMERATOR  ROOTS  REFERENCED  TO  BODY  AXES 
COMPARED  TO  DUTCH  ROLL  ROOTS 


Config. 

id 

\*Mi 

1-0 

) 

.33 

00 

LO 

• 

1-A 

.16 

-.095* 

.47* 

.37 

11 

1.54 

1-P 

J 

.64 

.33 

2-0 

1.44 

• 

fO 

oo 

mam 

>  1.43 

.22 

1.30 

.28 

.39 

-128 

.46 

WM 

J 

1.61 

.29 

3-0 

1 

1.71 

.29 

>1.30 

'.17 

1.14 

.40 

.31 

9 

1.28 

mm 

J 

2.10 

.25 

KSB 

1.61 

.26 

MB 

>1.55 

.23 

.25 

.72 

-34 

.30 

H 

. 

.27 

5-0 

1 

1.49 

.26 

5-A 

\  1.27 

.18 

1.06 

.25 

.78 

-37 

1.42 

5-P 

J 

1.73 

.28 

6-0 

1.45 

.20 

1.56 

.25 

1.F7 

-26 

.40 

7-0 

1.27 

.23 

1.56 

.38 

1.31 

23 

1.27 

*  Real  roots,  values  are  ,  //^2 
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GLOSSARY  OF  SYMBOLS 


9 

h 

/>* 


Lap 

M 

*0 

N 

fj' 


AND  ABBREVIATIONS 


roll  control  stick  force,  positive  right,  lb 
breakout  force,  lb 

pitch  control  stick  force,  positive  aft,  lb 

rudder  pedal  control  force,  positive  right,  lb 

2 

acceleration  due  to  gravity  (32.2  ft/sec  ) 
gravity  force  vector 

rate  of  climb  (or  descent),  ft/sec  or  ft/min 

2 

moment  of  inertia  about  £-axis,  ft-lb  sec 

2 

moment  of  inertia  about  body  y- axis,  ft-lb  sec 

2 

moment  of  inertia  about  body  ^-axis,  ft-lb  sec 

2 

product  of  inertia  in  body  axes,  ft-lb  sec 

=  ( nondimensional  inertia  coupling  in  roll 

=  {1%  -ly) fly  nondimensional  inertia  coupling  in  yaw 

gain  of  ( i )  to  (j)  transfer  function 

total  aerodynamic  rolling  moment  in  body  axes,  ft-lb 

total  aerodynamic  rolling  moment  in  primed  axes,  ft-lb 
=  (t  -  (t-  +  ?±1N) 

=  ((-  •  rad/scc2)/  (  ) 

'  I* 

rolling  acceleration  commanded  by  roll  control  stick,  rad/sec 

2 

rolling  accelerat  on  commanded  by  rudder  pedals,  rad/sec 


total  aerodynamic  pitching  moment  in  body  axes,  ft-lb 

=  — r~  ,  dimensional  pitching  moment  derivative,  (rad/sec^)/(  ) 

■*y  91  ) 

total  aerodynamic  yawing  moment  in  body  axes,  ft-lb 


in  primed  axes,  ft-lb * 


total  aerodynamic  yawing  moment 
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GLOSSARY  OF  SYMBOLS 


AND  ABBREVIATIONS  (cont.) 


Syabol 

<) 

"a* 

“'er 


'() 

?() 

4> 

‘ Pose  / 

A  /  A 
'Vote  i-Pay 

<1 

s 

t 

U  • 

f*L 


\) 

(Jo 

U, 


U-, 


V' 


( 1 '  Zwf/hbf  tw0  ^  ***  >)  *  (rad/sec2)  /  (  ) 

*  2 
yawing  acceleration  commanded  by  roll  control  stick,  raa/sec 

2 

yawing  acceleration  commanded  by  rudder  pedals,  rad/sec 
total  aerodynamic  force  vector,  "g's" 

2 

body  axes  (%,  //  or  acceleration,  ft/sec 

steady-state  normal  acceleration  per  angle  of  attack,  g' s/rad 

probability  density  of  (  ) 

body  axes  roll  rate,  deg/sec,  rad/sec 

roll  rate  oscillation  parameter  of  MIL-F-8785B 

roll  rate  oscillation  parameter  of  MIL-F-8785B  proposed  revision 

body  axes  pitching  rate,  deg/sec,  rad/sec 

body  axes  yaw  rate,  deg/sec  or  rad/sec 

Laplace  transform  variable,  rad/sec 

time,  seconds 

time  to  bank  to  i  degrees,  seconds 
Euler  transformation  matrix 

real  root  numerator  zero  of  (i)  to  (j)  transfer  function,  sec 
real  root  numerator  zeros  of  transfer  function,  sec 

trim  velocity  in  body  X-axis,  ft/sec 

velocity  (also  perturbation  from  trim)  along  body^-axis,  ft/sec 
velocity  along  body  *-axis  measured  by  u- LORAS,  ft/sec 
velocity  (also  perturbation  from  trim)  along  body  {/- axis,  ft/sec 
gust  velocity  along  body  {/-axis,  ft/sec 
trim  velocity,  ft/sec  or  kt 
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GLOSSARY  OF  SYMBOLS 


Symbol 


T-m 


u/ 


*() 

y 

Yu 

i 


o 

A2/AX 

OC 

QCy 

0 

fig 

0/ 

&0MAX 

A0/$, 

^01  At  I# 

V 


AND  ABBREVIATIONS  (cont.) 

vector  velocity  of  air  relative  to  arbitrary  inertial  axes,  ft/sec 

vector  velocity  of  aircraft  relative  to  arbitrary 
inertial  axes,  ft/sec 

vector  relative  velocity,  ft/sec 

vector  measured  velocity,  ft/sec 

trim  velocity  along  body  $-axis,  ft/sec 

velocity  (also  perturbation  from  trim)  along  body  j-axis,  ft/sec 
velocity  along  body  £-axis  measured  by  w-i/}RAS,  ft/sec 

total  aerodynamic  force  along  body  £-axis,  lb 

1  dt  9 

=  —  —  ,  dimensional  X- force  derivative,  ft/sec-/ (  ) 

total  aerodynamic  force  along  body  ^-axis,  lb 
=  —  ,  dimensional  Y-force  derivative,  ft/sec  /(  ) 

lateral  offset  displacement,  ft 

total  aerodynamic  force  along  body  -axis,  lb 

/  dl  2, 

- - -  ,  dimensional  Z-force  derivative,  ft/sec  /(  ) 

m  d() 

ratio  of  Z  to  X  forces  commanded  by  collective  stick 

angle  of  attack,  degrees  or  radians 

angle  of  attack  measured  by  vane,  degrees 

angle  of  sides ’ip,  degrees  or  radians 

angle  of  sideslip  caused  by  gust,  degreeo  or  radians 

angle  of  sideslip  measured  by  vane,  degrees 

sideslip  response  parameter  of  MIL-F-8785B 

sideslip  response  parameter  of  MIL-F-83300 

sideslip  response  parameter  of  MIL-F-8785B  proposed  revision 

glide  slope  angle,  degrees 
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GLOSSARY  OF  SYMBOLS 


Symbol 

dl/dV 

Aftg 


Aep 


&es 

$ep 

e&  S 

& 

^FS 

%V 

$ST 

% 

e 

X 

xe 

h 


AND  ABBREVIATIONS  (cont.) 
backsidedness  parameter,  ^/ft/sec 

displacement  of  safety  pilot's  pitch  control  at  the  center  of 
hand  grip,  positive  aft,  inches 

displacement  of  safety  pilot's  roll  control  at  the  center  of 
hand  grip,  positive  right,  inches 

displacement  of  safety  pilot's  yaw  control, 
positive  right,  inches 

summation  of  VSS  electrical  command  in  (  )  channel,  inches 

collective  control  stick  position,  degrees 

rolling  moment  control  stick  position  at  the  center  of 
hand  grip,  positive  right,  inches 

pitching  moment  control  stick  position  at  the  center  of 
hand  grip,  positive  aft,  inches 

yawing  moment  control  pedal  position, 
positive  right,  inches 

glide  slope  error,  positive  up,  degrees 

localizer  error,  positive  right,  degrees 

damping  ratio  of  Dutch  roll  characteristic  roots 

damping  ratio  of  feel  system 

damping  ratio  of  phugoid  characteristic  roots 

damping  ratio  of  short  period  characteristic  roots 

damping  ratio  of  numerator  roots  in  4>!$q$  transfer  function 

damping  ratio  of  numerator  roots  in  (t)  to  (j)  transfer  function 

pitch  attitude,  degrees  or  radians 

X-22A  duct  angle,  measured  from  horizontal,  degrees 

roll  mode  characteristic  root,  1/sec 

spiral  mode  characteristic  root,  1/sec 
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GLOSSARY  OF  SYMBOLS 


Symbol 

*<> 

re 

<t> 

<PI$S W 

^ote^sv 

%*  tf.  IS 


6><y 


« 


6;, 


sr 


64 


(  ) 

u 

r ) 

f 

«>L 


AND  ABBREVIATIONS  (cont.) 

standard  deviation  of  (  )  in  units  of  (  ) 

change  in  standard  deviation  due  to  gust,  ft/sec 

roll  mode  time  constant,  sec 

spiral  mode  time  constant,  sec 

roll  angle,  degrees  or  radians 

roll  to  aileron  transfer  function 

magnitude  of  roll  to  sideslip  ratio  in  Dutch  roll  component 

roll  angle  achieved  in  (  )  seconds,  degrees 

roll  rate  oscillation  parameter  of  MIL-F-83300 

power  spectral  density  of  (  ) 

correlation  angles  for  MIL-F-8785B,  MIL-F-83300 
roll  oscillation  and  sideslip  response  parameters,  deg 

undamped  natural  frequency  of  Dutch  roll  mode,  rad/sec 

undamped  natural  frequency  of  feel  system,  rad/sec 

undamped  natural  frequency  of  phugoid  mode,  rad/sec 

undamped  natural  frequency  of  short  period  mode,  rad/sec 

undamped  natural  frequency  of  numerator  roots  in  0/ Sqs 
transfer  function,  rad/sec 

undamped  natural  frequency  of  numerator  roots  in  (i)  to  (j) 
transfer  function,  rad/sec 

Euler  rate  sensor,  1/sec 

time  of  rate  of  change  of  (  ),  (  )/sec 

initial  or  trim  value  of  (  ),  C  ) 

mean  or  average  value  of  (  ) ,  (  ) 

average  value  of  (  ) ,  (  ) 

value  measured  by  LORAS  of  (  ) ,  (  ) 
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GLOSSARY  OF  SYMBOLS 


AND  ABBREVIATIONS  (cont.) 


Syidiol 

(K 

measured  value  of  (  ) ,  (  ) 

maximum  value  of  (  ) ,  (  ) 

Abbreviations 

AGL 

above  ground  level 

CTOL 

conventional  takeoff  and  landing 

IFR 

instrument  flight  rules 

ILS 

instrument  landing  system 

LORAS 

low  range  airspeed  system 

PIO 

pilot-induced  oscillation 

PR 

pilot  rating  (Cooper-Harper) 

VAA 

visual  approach  aid 

VFR 

visual  flight  rules 

VSS 

variable  stability  system 

deg 

degrees  (angle) 

fpm 

feet  per  minute 

kt 

knots  (airspeed) 

rms 

root-mean-square 

Hz 

frequency  (  1  Hertz  =  1  cycle  per  second) 
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